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THE PRINCIPAL TOPIC TREATED IN THIS CHAPTER is the

perception of body orientation and motion in space
and the extent to which these perceptual abstractions
can be related directly to our knowledge of sensory
mechanisms, particularly for the vestibular apparatus.

The relationship between physical variables trans-

duced by the sensory systems and human perception
of orientation was still a subject of vigorous debate
during the last century. The notion that perception

could be discussed in terms of a machine acting on
external variables was foreign to the basic ideas of
Kant, which influenced nineteenth-century thinkers
so much. The central role of the vestibular apparatus
as the organ of equilibrium had not always been ac-
cepted, even after the demonstration of their impor-
tance in postural control (55). The long and unfortu-
nate distinction between physical stimuli and sensory
processes on the one hand and perception on the other
hand has been reviewed by Boring (16) and by Teuber
(152) and this distinction is placed in its historical
perspective in the chapter by Jung in this Handbook.

Increasingly, sensory end-organ characteristics and
central nervous system activity in response to complex

multisensory stimuli are related to the perception of
body movement reported by a human being under
similar stimulus conditions. It is clearly appropriate to
relate sensory-unit activity resulting from body-mo-
tion stimuli to such purposeful motor activities as
head or eye stabilization. It is no less relevant to relate
underlying sensory transduction and the higher pro-
cessing of these afferent signals to the generation of
motion perception. Long after it was fully recognized
that we see with our eyes and hear with our ears, the

origin of the perception of spatial orientation remained
a mystery. At the beginning of the nineteenth century
the sense of equilibrium was still judged to be related
to shifting the fluid in the cranium as the head ori-
entation was changed by gravity. Perhaps the most
critical experiment in creating a sensory basis for
spatial orientation was performed by Flourens (55).
He demonstrated the essential role of the semicircular

canals in postural stability and equilibrium and, inci-
dentally, related their stimulation to the genesis of
motion sickness. It remained for Mach, a physicist and
natural scientist of the mid-nineteenth century, how-
ever, to relate the physical characteristics of the semi-
circular canals and the otolith system to the quanti-
tative perceptual measures of tilt and rotation. In his
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influential treatise, Mach (106) found it necessary to
explain at length why motion sensation had to be
associated with mechanical stimuli of the sensory or-

gans. Remnants of this unfortunate dichotomy be-
tween stimulus and perception remain to the present
time.

The next major thrust in the causal link between
vestibular organ stimulation and perception of ori-
entation came through demonstrations that involun-
tary eye movements, as a special case of sensorimotor
reactions, were also driven directly by vestibular stim-
ulation. The recognition that slow compensatory eye
movements would result from direct cupula stimula-
tion of semicircular canals (48) and later that ocular
counterrolling, or compensatory torsion of the eye
about the axis of gaze, could be attributed to otolith
as well as semicircular canal stimulation greatly en-
hanced the ability of workers in the field of human
spatial orientation to relate vestibular stimulation to
perception and eye movements.

The first half of the twentieth century saw a growth
of research activity devoted toward quantitative eval-
uation of the physical transduction properties of the
vestibular organs, especially of the semicircular canals,
based largely on measurements of human perception
of rotation and tilt during deterministic transient mo-
tions or steady-state sinusoidal oscillations. The phys-
ical characteristics of the semicircular canals, clarified
by the demonstrations of Steinhausen {147) and Dohl-
man (47) that the cupula does not normally allow
endolymph to flow freely through the ampulla, were
translated into differential equation form {148, 160).
Recently it has been possible to make quantitative
estimates (129) and actual measurements (88, 127) of
cupula deflection and to relate them to rotation sen-
sation for arbitrary rotation stimuli.

It is tempting but misleading to regard spatial ori-
entation and postural reactions to environmental dis-
turbances as automatic or reflex reactions. Certainly,

many environmental disturbances lead to highly
stereotyped postural reactions that direct an animal
toward a desirable situation, away from danger, or
toward the reestablishment of a stable posture. There
was a period following the turn of the century, based
on the theories of Loeb (104), when such orienting

behavior was described as thoroughly mechanistic.
Orientation, at least in the lower animal, was con-
ceived of as being totally determined by, for example,
the presence of light or the angle relative to gravity.
Postural reactions and locomotion were seen as re-

flexes totally independent of sensation. Even for in-
vertebrates this extreme view of mechanistic orienta-

tion behavior has been largely discarded (58). Such
automatic, machinelike postural orientation reactions
are seen in mammals only under special circum-
stances. Specifically, on decerebrating a cat the auto-
matic righting reactions are easily seen. It is tempting
to attribute orientation sensations for the intact ani-

mal to direct pathways from graviceptor stimulation

or asymmetric tactile stimulation. The actual percep-
tion of orientation, although relying on the various
sensory inputs that also produce postural reactions, is
heavily influenced by a number of cortical functions,
including expectation of the input and habituation to
a particular stimulus sequence.

The latter third of the twentieth century has seen a
rebirth of interest in nonvestibular contributions to

self-motion perception, especially the visually induced
perception of motion occurring in response to a uni-
form moving field (86). These visual illusions of motion
sensation, as well as the less-documented illusions of
self-motion based on manipulation of tactile, propri-
oceptive, and auditory cues, lead to the current
"systems view" of mechanisms of perception of the
body in space. Under most circumstances the multi-
plicity of sensory inputs related to spatial orientation
is processed by the central nervous system to produce
only a single, usually nonambiguous, perception of
body orientation and movement. The process by
which these various sensory signals are reduced and
compared with one another is known as multisensory
integration. For example, the extent to which a given
visual motion contributes to the perception of self-
motion is influenced strongly by the concurrent ves-
tibular stimulation or lack of it. Furthermore, all of

the multisensory integration logic is plastic or modifi-
able. Perceptual, postural, and eye-movement re-
sponses to identical sensory patterns exhibit habitua-
tion to repeated stimuli and adaptation to rearranged
sensory signals. Thus, for example, the normal re-
sponses of rotation perception, compensatory eye
movements, and postural reactions to combinations of
head movement and visual-field rotation are all greatly
modified by sensory stimulus rearrangements as sim-
ple as wearing reversing prisms (63, 64, 125) or as
complex as exposure to weightlessness. Furthermore,
the systems view of this multisensory integration al-
lows for the processing of sensory signals to be modi-
fied on the basis of the "expected response." This
expected response might reflect either an efferent copy
of active movement undertaken by the subject, which
would normally produce a given feedback pattern, or
it might reflect the expected continuation of a well-
learned pattern of movement such as oscillation on a
swing. This multisensory integration approach re-
quires knowledge of the dynamic response of the var-
ious sensory organs associated with human spatial
orientation as well as estimation of the physical situ-
ation in which the subject finds himself (14, 15).

PERCEPTION OF ORIENTATION BASED ON

MULTIPLE SENSORY MODALITIES

A frequent problem in relating physical stimuli to
perception is that the number of dimensions of the
perception exceeds that of the stimuli. Teuber {152)
pointed out that for audition, independent variations
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of only frequency and intensity lead to variations in
the perception of pitch, density, volume, and loudness.
For motion sensation, however, the situation is quite
simple: perceptions are limited to linear and angular
position and body motion in three dimensions. Refer-
ring to the standard definition of body axes in Figure
1, the vector of orientation sensation includes tilt
orientation with respect to the vertical (pitch and roll),
angular heading orientation (yaw), their first deriva-
tives (rotation rates), and possibly angular accelera-
tions. Linear displacement (forward-backward, left-

right, up-down) is a three-dimensional vector per-
ceived as linear position; linear velocity and possibly
linear acceleration are also sensed. Perceived spatial

orientation is closely related to the actual linear and
angular motions of the body, and many of the impor-
tant differences between perception and true motion

are explainable on the basis of the dynamic character-
istics of the sensors. In marked contrast to studies of

perception of sound or light, however, motion percep-
tion is usually based on simultaneous stimulation of
one or more of several sensory systems. Visual, tactile,
and proprioceptive stimuli, as well as vestibular inputs,
can produce motion sensations by themselves and
modify motion sensations in conjunction with other
sensors. We do not distinguish among a visual motion
sensation, a vestibular motion sensation, and a tactile
motion sensation. Consequently, in discussing the
mechanisms involved in motion perception it is not
surprising that much of the emphasis is placed on the
interaction among different sensory modalities rather
than simply on the transfer characteristics from stim-
ulus to sensation through a single sensory channel.

Motion perception is strongly influenced by mental
set or the preconceived idea of the subject as to what
types of motion are permissible or what the limits of
the test apparatus may be. Active control by a subject
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FIG. I. Definition of axes for linear and angular motion. [From

Hixon et al. (89).]

of his own body motion in space, whether through
direct muscular activity as in postural control and

locomotion or through command of a vehicle, may
result in vastly different perceptions of motion than
would be true for a passive observer receiving the
identical sensory stimuli. Habituation to repeated

presentation of the same sensory stimuli may result in
a decreased perception of body motion.

Simultaneous processing of information from the
vestibular, visual, proprioceptive, and auditory chan-
nels regarding human spatial orientation is illustrated
schematically in Figure 2. The spatial orientation
sense cannot be turned off by closing one's eyes or by
eliminating acoustic stimuli. The absence of any head
movements to stimulate the vestibular system is not
sensory deafferentation but rather a definite signal
indicating the continuation of constant-velocity mo-
tion (including zero velocity). Proprioceptive and tac-
tile inputs can never be removed except during periods
of free fall, considered in more detail as a special case
of environmental adaptation in section SPATIAL ORI-
ENTATION IN ALTERED ENVIRONMENTS, p. 1060. The
perception of relationships between parts of the body,
such as the estimation of limb position, is not discussed
in this chapter except as related to the interpretation
of visual or vestibular signals. The important influence
of active motor control on both actual and perceived
motion of the body is indicated in Figure 2. Further-
more, the expected patterns of motion, whether based
on continuation of an existing pattern or on recollec-
tion of the motion from the previous exposure to the
same situation, are of vital importance in determining
the manner in which multiple sensory inputs are com-
bined to yield a single perception of spatial orientation
and movement. Special cases of ambiguous stimuli

resulting in confusion about spatial orientation or of
behavior that alternates between two or more different

orientations may result in vertigo or motion sickness
and are discussed separately in Motion Sickness, p.
1061.

Semicircular Canals

The semicircular canals, as described in detail in the
chapter by Goldberg and Fernfindez in this Handbook,
are fluid-filled rings that respond to angular accelera-
tions having a component normal to the plane of the
ring by deviation of the cupula and stimulation of the
hair cells in the crista. As a result of their arrangement
in three roughly orthogonal planes within each laby-
rinth, the semicircular canals are able to detect and
transduce angular accelerations about any axis in
space. Because of their narrow lumen and the large
contribution of viscous force inside the tube relative

to inertial forces, they act as approximate integrators.
Consequently for all but very low frequencies of stim-
ulation their output reflects angular velocity rather
than angular acceleration of the head with respect to
inertial space. They fail as angular-velocity trans-
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ducers only for stimulation frequencies so low (less
than 0.1 Hz) as to lie in the range of man-made
transportation and amusement devices rather than in
the normal physiological range.

Otolith Organs

The otolith organs, discussed more fully in the chap-
ter by Goldberg and Fernandez in this Handbook, are
linear accelerometers and, as such, respond to linear
accelerations and to changes in orientation with re-
spect to the gravity vector. The otolithic membrane in
each utriculus and sacculus, made more dense than

the surrounding endolymph fluid by the presence of
numerous calcite crystals, slides downhill when the
head is tilted and lags behind when the head is accel-
erated with respect to inertial space. Between the

utricles and saccules these organs represent accelera-
tion sensitivity in all three dimensions. They are the
principal nonvisual determinants of static orientation
with respect to the vertical. In conjunction with the
vertical semicircular canals they also act to signal
changes in orientation and to initiate corrective pos-
tural responses. The implied ambiguity in the use of
otolith information for static orientation (physical de-
vices cannot distinguish between linear acceleration
and gravity) is normally solved by interpreting the
otolith signals on the basis of other sensory informa-
tion, including semicircular canal afferents.

Somatosensory Cues

Although the primary nonvisual orientation cues in
humans are vestibular in origin, the influence of non-
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vestibular signals must not be ignored. The classic

nonvestibular righting reflexes seen in labyrinthec-
tomized animals, in response to asymmetric tactile
cues, are dramatic examples (156). In humans the
ability of labyrinthine-defective subjects to retain ori-
entation and balance, even in the dark, is ample indi-

cation of the potential utility of nonvestibular orienta-
tion cues. For those rare situations in which vestibular

cues are altered temporarily, such as in the weightless
condition of space flight, tactile and proprioceptive
cues appear to substitute for some aspect of otolith
signals. The proprioceptive and tactile cues are of
essentially three kinds: pressure cues, limb position
signals, and muscle length and tension afferents.

The quantitative relationships between sensory
characteristics of surface and deep pressure somatic
endings and perception has received relatively little
attention. The high-frequency pass band of many of
the pressure endings corresponds to perception of
vibration rather than phase-dependent orientation os-
cillations. There is, however, a remarkable similarity
between the sensitivity curves of various somatosen-

sory endings as a function of vibration intensity and
frequency and the corresponding psychophysical
curves for detection of local vibration.

Pacinian corpuscles are deep pressure sensors with
a rather distinctive morphology. They are encapsu-

lated by cylindrical fluid-filled sheaths, or lamellae,
that prevent static deformation from reaching the
hard elliptical core. It is this dendritic core that is
actually responsible for producing generator current,
and thus the capsule acts as a mechanical high-pass
filter of deformation stimuli. Because of the mechani-

cal structure of the capsule, when a pressure is released
the core tends to distend along the orthogonal axes
and also to produce a generator current. Pacinian
corpuscles show no significant static response to com-
pression stimuli and are quickly adapting, displaying
a time constant of 1-10 ms.

Being deep pressure sensors, Pacinian corpuscles
have a fairly wide receptive field and respond to stim-
uli not directly above the corpuscle. They are exquis-
itely sensitive and respond to displacements as small
as 10 #m (105).

There are also two types of pressure sensors located
close to the surface of the skin. Type I receptors are

formed by myelinated fibers that end in Merkel cells
near the surface of the skin. Merkel cells are found

within domelike elevations of the epidermis between
hair follicles known as Iggo corpuscles. Type I recep-
tors exhibit highly focused receptive fields and respond
only to direct stimulation of the touch corpuscle. They
respond dynamically to stimuli as small as 1-5 mm of
skin displacement. The step response adapts with time
constants of about i s and about 30 s. Type I receptors
show a static response, but it is characterized by a
highly irregular afferent rate. These fibers usually do
not exhibit any resting discharge (see ref. 92).

Type II receptors are formed by myelinated fibers
ending in lightly encapsulated Ruffini endings. The

end organ is situated in the dermis but is not as close
to the skin as the type I receptors. Their linear transfer
function to skin displacement can be fit with three

adaptation time constants of approximately 1, 5, and
20 s. Type II receptors exhibit a regular static response
as well as a regular resting discharge and have a
relatively wide receptive field responsive to stretch
(see ref. 29).

Psychophysical studies of human threshold to skin
vibration suggests two receptor populations, one pop-
ulation being sensitive to very high frequencies. These
results are consistent with quickly adapting Pacinian

corpuscles beneath the dermis and more slowly adapt-
ing cutaneous receptors, as described in neurophysio-
logical studies.

Psychophysical studies have also shown that the
threshold tends to decrease with increasing stimulus

area (107, 161). The principal function of somatosen-
sory information in the normal system is apparently
for rapid detection of changes in surface force, which
corresponds to changes in acceleration under most
circumstances (122).

Limb Position

Body-orientation perception also depends heavily
on the perceived orientation of the various joint an-

gles. Not only are limb-position angles relevant to
postural control, but the orientation of the head with
respect to the trunk is especially critical. Because
vestibular and visual cues are measured in a head-

fixed coordinate system and yet the postural reactions
to the appropriate muscles must be in a different
coordinate system, it is obvious that the relative ori-
entation of the head, trunk, and limbs must be known
reasonably accurately. The common notion that these
joint angles are sensed exclusively or even primarily
through the joint receptors in the joint capsules has
been called into question. Although gross and mono-
tonic signals relating joint angle to capsule sensor
afferents certainly exist, they may not account for the
accurate perception of limb position that is clearly at
work in many human tasks. Among other considera-
tions, these capsule receptors, which are really pres-
sure receptors, are influenced by total force across the
limb, which in turn is subject to external variables.

The muscle receptors, muscle spindle afferents, and
Golgi tendon organs, once believed to play no role in
proprioception or kinesthesis, are now generally ac-
knowledged to be of importance in determining limb
position and human spatial orientation. Muscle spin-
dle afferents of several types signal the length of
intrafusal muscle fibers, which in turn relate to overall

muscle length and its rate of change, as well as to the
intended or regulated muscle length commanded by
the y-motor-control signals. Golgi tendon organs are
capable of monitoring total force in a portion of a
muscle and therefore indirectly of monitoring the

weight of the head or a limb. Both spindle and tendon
organs can therefore play two roles relative to human
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spatial orientation. As force sensors they can serve as
additional linear accelerometers in which the force

required to maintain head or limb position is a mea-
sure of both orientation with respect to gravity and
net linear acceleration. One of the cues to a pilot that
he is in a high-acceleration turn, for example, is that
his head feels heavy and that it is an effort to maintain
his arm position. Additionally, in the nonaccelerating
environment these signals can augment the joint cap-
sule receptors in signaling the orientation of the head
with respect to the trunk. The effect of artificial spin-
die stimulation on perception of limb orientation is
easily demonstrated in humans by the ability of an
externally imposed vibration over a muscle to produce
the perception of muscle shortening (65). Supporting
physiological evidence comes from the discovery of
cortical representations of certain muscle spindle af-
ferents {59). Specific application of vibration to certain

postural muscles can produce predictable changes in
body orientation. The strength of body-orientation
illusions in response to this artificial spindle stimula-
tion is variable among subjects (101).

PSYCHOPHYSICAL MEASURES OF PERCEPTION

OF ORIENTATION AND MOTION

Throughout this chapter, reference is made to ex-
perimental results about subjective orientation, or the
perception of motion. Obviously we have no means of
measuring what the subject thinks or feels except by
his own indications. (Electrical or magnetic evoked
responses are not current useful alternatives for this
purpose.) Two general categories of quantitative in-
dications of orientation and motion perception are
used. The first of these makes use of magnitude esti-
mation either as a concurrent or retrospective judg-
ment. The notion of attaching quantitative estimates
to sensation magnitude and relating them in turn to
objective physical stimuli builds on the early work of
Weber (166a), modified by Fechner (48a), leading to
the logarithmic sensitivity notion that a just noticeable
difference (JND) in stimulus is proportional to the
stimulus level. In performing magnitude estimations,
quantitative subjective estimates of a scalar quantity
are made in relation to a previously learned or revealed
reference scale. The techniques of appropriate mag-
nitude estimation methodology are reviewed by Ste-
vens {149, 150) and by Poulton (134). These techniques
include pinning down the end and the midpoint of the
scale, refreshing the subject with calibration exposures
to the known stimuli, and avoiding placing test stimuli
close to the ends of the reference scale. Ratio estimates

are particularly useful. When the estimate is made
during the stimulus, it is known as a concurrent esti-
mate. However, the subject may also wait until the
stimulus is completed to judge how fast he was moving
or how far he had moved (integrating the subjective
velocity judgment), in which case it may be referred
to as a retrospective estimate. Guedry et al. (83) have

demonstrated how concurrent and retrospective esti-
mates can lead to very different magnitude estimates,
using the situation of triangular velocity wave forms
for rotation about a vertical axis as an example. Ret-
rospective subjective angular displacement judgment
yields total displacement estimates reasonably close
to true angular displacements and is predicted well by
the torsion pendulum model referred to in the chapter
by Goldberg and Fermindez in this Handbook. When
the same type of displacement estimate is made con-
tinuously, concurrent with the stimulus, and the sub-
ject attempts to always keep the pointer stationary in
space, the total displacement is substantially less, as
indicated in Figure 3. This possible influence of the
concurrent magnitude estimation task on the percep-
tion being measured is not often considered, but it
may be of some significance in explaining certain
perception results. A task of magnitude estimation
need not involve an arbitrary scale or even practice on
the reference scale. For example, many of the results
on tilt perception, including the rod and frame test
and the tilted-room experiments (170), rely on exper-
iments in which the subject is required to align a
visually observed line or a calibrated rod to the per-
ceived vertical, and the angle between this alignment
and the true vertical is taken as the error in the

perceived tilt. No extensive instruction on the meaning
of the vertical as a reference scale is required.

An alternate method of quantifying perception is a
response-nulling technique. In the nulling method, the
subject actively controls his own stimulus in order to
return himself to a subjective reference level. For
example, to assess the magnitude of visually induced
tilt the subject may be required to actively orient
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FIG. 3. Subjective estimates of angular displacement (produced

by triangular velocity wave form) are greater for retrospective than

for concurrent estimates. [Adapted from Guedry (76).]
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himself to a posture that he perceives to be upright.
Alternatively, the subject might control the angular
velocity of a visual field or his own actual inertial
rotation in the presence of some test stimulus until he
feels that he is stationary. In a final variation, that of

sequential matching, the subject attempts to give a
quantitative indication of his perception of motion or
tilt, induced by one stimulus, by subsequently match-
ing the sensation through another stimulus.

The nulling method and the sequential matching
method share the advantage of avoiding substantial
confusion about the subject's interpretation of which
physical variable is to be estimated.

ANGULAR ACCELERATION

Rotation in Dark

The most frequently studied motion sensation re-
sults from rotation about a vertical axis in the dark.

The dizziness that comes from opening one's eyes
during constant-velocity turning or after having been
brought to an abrupt stop is a common childhood
experience. It is easily explainable on the basis of
stimulation of the semicircular canals in a single plane.

When the head is pitched approximately 25 ° forward
from the errect position the human horizonatal semi-
circular canals lie approximately in the horizontal

plane, and rotation about a vertical axis stimulates
primarily but not exclusively these semicircular canals.
The corresponding semicircular canals are neither pre-
cisely coplanar nor very close to orthogonality with
the other canals in each labyrinth {12). When the axis

lies through the head, centripetal acceleration effects
on the otoliths may be neglected. The simplicity of
this stimulus axis has made it particularly attractive
for use in indirect measurements of semicircular canal

mechanics. The earliest of these attempts at

"cupulometry" was accomplished with steps of angular
velocity. The torsion-pendulum model, discussed in
Torsion-Pendulum Model, p. 1030, would predict a

rapid rise and a slow exponential decay to null follow-
ing a step in angular velocity, but the actual experience
is somewhat different. Neither subjective measure-
ments nor nystagmus can reveal the short time con-
stant of fractions of a second. The subjective response

does, however, decay right through zero to yield a
period of reversed sensation. Subjective response to a
long-duration constant velocity step, followed by a
sudden return to zero angular velocity, is shown in

Figure 4. The initial decline in subjective velocity is
nearly exponential. The similarity between this re-

sponse and the predicted return of the cupula accord-
ing to the torsion pendulum equation led to the use of
subjective sensation decline, as well as of nystagmus
decline, following velocity steps as a means of esti-
mating the long time constant, H/h--the ratio be-
tween viscous and elastic coefficients. The differing

slopes of the response declines for subjective sensation
and for nystagrnus, however, indicate the involvement
of more than cupula dynamics alone {72}.

Models for vestibular adaptation to horizontal ro-
tation allow for the possibilities that cupula responses
are not mirrored exactly in either nystagmus or sub-
jective sensation. (Recent developments in single-unit
recording of first-order afferents in some species and
of recordings from the vestibular nucleus and thala-
mus of other species of monkeys lead to the current
view that the time course of cupula response, which

may be as short as 5-7 s in the monkey, is lengthened
to give a considerably longer response time at the level
of the vestibular nucleus (21)). This longer time con-
stant may be approximately 16-20 s and reflects rather
accurately the time constant of decay of vestibular

ACTUAL VELOCITY

SUBJECTIVE

VELOCITY

if _ i _ _ I_=__-_ TIME ( sec )

o ,0 z:o so 80

FIG. 4. Subjective angular velocity decays and may reverse during prolonged constant-velocity

rotation. Sudden sLop after prolonged rotation elicits transient, oppositely d_ected, postrotatory

response.
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nystagmus. Subjective sensation in man is known to
decrease with a shorter time constant than that of

vestibular nystagmus.
Yet another difference in the dynamic responses

observed from afferent records from those seen in

nystagmus recordings or in perception responses oc-
curs in rotation about other than the z-axis. Exami-

nation of the time course of postrotatory sensation or
nystagmus for rotations about each of the three prin-
cipal body axes (x, y, and z), always about a vertical
axis, reveals a significant difference between axes,
provided the stimulus is of long enough duration (7,
34, 76, 82, 112, 114). The long time constant for rota-
tions about the body pitch axis and roll axis for a
vertical axis are approximately one-haft as long as the
time constants for rotation about the body yaw axis.
Investigations of the outputs of the individual semicir-
cular canals in squirrel monkeys, however, reveal no
such differences in time constants between axes {49}.

Once again it appears that higher center processing
alters the effective time constant from that received
from the afferent signal. Certainly the movements
normally encountered in pitch and roll, even about a
vertical axis, are of briefer duration than for yaw. An
integration time constant of more than a few seconds
would not be required to reproduce the pitch and roll
transient movement faithfully.

Active Versus Passive Movement

The preceding discussion of postrotatory sensation
is applicable strictly to the case where a subject is
passively rotated and stopped. Under conditions of
active rotation, knowledge of the rotation situation
and information supporting the perception of contin-
ued rotation at constant velocity may change the
perception. In one extreme example, it has been dem-
onstrated that subjects who maintain the sustained
angular rotation about a vertical axis by active move-

ments and then are suddenly decelerated generally
show postrotatory sensations in the same direction as
the original sensation, even though their postrotatory
nystagmus reversed direction, just as for passive ro-
tation (39, 80). Sensory responses due to active move-
ments are interpreted differently from those due to

passive movements. One simple method of thinking of
this effect is that active movements provide another
and very powerful measurement, consistent with the
"efferent copy" concept of von Hoist and Mittelstaedt
(162) and of others. When the subject "knows what
movement was intended" on the basis of his active

control, sensory information and particularly conflict-
ing sensory information may be reinterpreted or dis-
carded when inappropriate.

Torsion-Pendulum Model

The angular-velocity perception resulting from
stimulation of a pair of parallel semicircular canals
can be related to the mechanics of semicircular canal

transduction, to the afferent firing rate of primary
vestibular neurons, and to central neuronal activity.
Functional interpretation of Steinhausen's {148) ob-
servations and subsequent formalization by van Eg-
mond et al. {160) of semicircular canal function in
terms of a torsion-pendulum model was based on
correlation of the physical model with the time course
of subjective perception for rotation of the subject
about a vertical axis. Subsequent investigations, es-
pecially the direct measurement of first-order afferent

signals (49) and central vestibular neurons (115), have
revised the earlier view that canal afferents directly
drive the slow phase of nystagmus or the subjective
angular velocity. Nevertheless, the concept of a rela-
tionship between the time course of cupula deflection
and the subjective sensation remains a valuable one.

The essence of the torsional pendulum model is
spelled out in the chapter by Goldberg and Fernhndez
in this Handbook. To recall, endolymph displacement,
_, is related to head acceleration (with respect to
inertial space) in the plane of the canal by the equation

Od2_ + Hd_
dt 2 dt + h_ = Oa(t) (1)

where O is the moment of inertia of the endolymph
ring, including the fluid in the ampulla and utricular
sac; II is the viscous drag coefficient; A is the spring
constant; and a is the angular accleration of the head.
Because of the high ratio of viscous damping of en-
dolymph flow in the semicircular canal H to the mo-
ment of inertia of the ring of endolymph O the inertial
reaction torque on the ring of fluid attributable to its
acceleration with respect to inertial space, O[(d2_/d t 2)
- a(t)], is very quickly balanced by the viscous damp-
ing torque, Hd_/dt. The time constant associated with
this process is the short time constant, vs = O/H,
referred to in the chapter by Goldberg and Fernandez
in this Handbook, with a value on the order of 3-5

ms. Within three time constants (9-15 ms) the torque
balance is 99% complete, and the endolymph flow,
d_/dt, is proportional to the head acceleration a(t).
Consequently endolymph displacement _ is then pro-
portional to the head angular velocity, f_)a(t)dt. To
the extent that the change in firing rate of canal
afferents reflects endolymph displacement, or more
properly shear force across the subcupula space of the
crista, the afferents signal head velocity for head mo-
tion durations much longer than 72 and shorter than
vl. The long time constant of the semicircular canals,
_L = H/A _--5 to 15 s, is attributable to the relatively
weak elastic-restoring torques of the cuptlla and mem-
branous canal that oppose any deflection of endo-
lymph by a spring torque h_. The weak restoring forces
must oppose the substantial damping IId_/dt in re-
turning the cupula and the hair cells to their original
position. For acceleration stimulus periods comparable
to or longer than _L, however, these restoring forces
are significant. Consequently for a step of angular
acceleration after the first few milliseconds the theo-
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retical endolymph displacement increases according

to the equation

$1(t) = (O/A)a[1 -- exp(--t/_L)] (2)

as discussed in the chapter by Goldberg and Fernandez
in this Handbook. If the torsion-pendulum model en-
tirely explained the dynamics of peripheral neurons,
central vestibular neurons, and perception of velocity,
the perceived angular velocity following the onset of
a sustained constant acceleration in the dark would

resemble the exponential equation (Eq. 2). In fact, the
actual time course of subjective velocity about a ver-
tical axis, as shown in Figure 5, departs from a torsion

pendulum only after approximately 30 s. For brief
accelerations (0.6-6 s), the perceived velocity is
roughly proportional to the true velocity of the head.
For such motions, which cover the physiological range
of head motion (0.1-1.0 Hz), the integrating property
of the endolymph viscous damping makes the semicir-
cular canals resemble integrating accelerometers, and

they yield accurate velocity estimates in daily activity.
[Absolute measures of subjective velocity are difficult
to obtain. Authors frequently report the indicated
velocity to be up to 50% greater than the actual
velocity during the first 15 s of exposure (74, 78).] Of
course these velocity estimates must be integrated

once more by the central nervous system to produce
estimates of angular orientation--even as used in the
"90-degree turning points" method of subjective rota-
tion-magnitude estimation. Errors in this second in-
tegration, including scaling, loss of initial conditions,
and imperfect integration, lead to methodological
problems in judgment of azimuth orientations in the
laboratory (see, for example, ref. 81).

For sustained accelerations of medium duration

(6-25 s), the perceived velocity gradually drops below
the linearly increasing head velocity and approaches
an asymptotic constant velocity proportional to the
imposed acceleration, with a time constant of 12-15 s.
The rise to a constant level during a constant accel-

eration is basically similar to the step response of the
torsion-pendulum model and the nonadapting semicir-
cular canal afferents (see Fig. 9 in the chapter by
Goldberg and Fern_indez in this Handbook). It would
be a mistake, however, to assume that cupula pressure
or displacement is directly encoded to yield subjective
velocity. First of all, the time constant of the rise (12-
15 s) is probably longer than human horizontal canal
response, based only on dimensional analysis [(38,
116); I. S. Curthoys and C. M. Oman, unpublished
observations] and on the known squirrel monkey canal
long time constant of approximately 5 s. Second, com-
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missural pathways from the contralateral labyrinth
(inhibitory with delay) as well as vestibular efferent

signals (partially disrupted by anesthesia) probably
lengthen the apparent time constant to approximately
equal the value of nearly 20 s seen in the slow phase
of vestibular nystagmus. One cannot yet eliminate the
possibility that those (few) fibers that go directly from
the eighth nerve to the cerebellum without first syn-
apsing in the vestibular nucleus are responsible for
rotation perception, thereby invalidating the above
argument. Recordings of unit activity in the monkey
thalamus (24, 25) also show an effective time constant

for responses to angular acceleration which, although
longer than the canal afferents, is shorter than the
time constant associated with nystagmus.

Thresholds

To put into perspective the various experimental
reports of acceleration-sensation threshold, time to
detect, and duration of sensation, it is useful to return
once more to the predicted cupula deflection following
from the torsion-pendulum theory (76}.

According to the simplified threshold notion of min-
imum detectable sensation related to threshold cupula
position or pressure, the responses to acceleration and
velocity steps are implicit in the simple exponential
wave forms of Figure 6A (acceleration step) and Figure
6B (velocity step). For an acceleration step, the time
course of calculated cupula deflection is

x(t) = Otrs_'a[1 -- exp(-t/rL)] (3)

and the time required to reach a given threshold level
(Xmin) is given by

tdetect = TL ln[TSZLa/(ZSVLa - Xmin)] (4)

Clearly, for a -< Xmin/rSZL the time to detect becomes
infinite, thus defining a threshold acceleration ami,. In
fact, the curve shown in Figure 7 matches the formu-
lation extremely well. Note further that for all but the
lowest (near threshold) accelerations, the curve is
close to the hyperbola, a/detect = C (a constant). An-
other way of stating this approximation is: for stimulus
durations that are short relative to ZL, the cupula
deflection or pressure rises almost linearly with time
following an acceleration step, and so the threshold

FIG. 6. Normalized torsion-pendulum response,

X, for system with long time constant, rL = 15 s. A :

rising response to acceleration step is detected

when it reaches Xmi,. B: decaying response follow-

ing velocity step has duration t,.
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FIG. 7. Time to detect, tdet, step of yaw angular acceleration of magnitude o increases sharply for

acceleration levels less than 2-3 deg/s 2. [Adapted from Guedry (76).]

level is reached when a certain critical velocity is
attained, independent of the acceleration amplitude.
This critical velocity, known as the Mulder product, is
merely the minimum detectable angular velocity for
brief steps of acceleration

09min _ OfminTL

or O)min ----- 2.5 deg/s, assuming rL = 10 S, Olmm = 0.25
deg/s 2, or rL = 12.5 S, ami. = 0.20 deg/s 2. For lower
accelerations, of the order of only two or three times
threshold (less than 1 deg/s2), even the theoretical
cupula deflection departs significantly from linear
growth long before a threshold is crossed. Conse-
quently, for small accelerations tdetect is longer than
predicted by the Mulder product and is given by
Equation 4.

Another use of the concept of a cupula-deflection
threshold is in interpreting postrotatory motion sen-
sation or nystagmus. As indicated in Figure 6B, the
calculated cupula deflection following a sudden change
in angular velocity, such as a stop after sustained
constant velocity rotation of 1 rain, is a rapid peak

followed by an exponential decay to zero with time
constant VL

x(t) ----_OVsexp(--t/vi) (5)

where o_is the size of the angular velocity step. On the

assumption of a cupula-deflection threshold Xmln, the

sensation of rotation has a duration t, (76) found from
the equation

to yield

Xmin = OJTS exp(--tffrL)

t_ = rL[ln _o + ln(zs/Xmin)] (6)

The first term of Equation 6 indicates that the dura-
tion of sensation would be proportional to the log of
the velocity step and that the constant of proportion-
ality (slope) would be the long-time constant ZL. Such
plots of sensation duration versus stimulus velocity for
sudden stops, called sensation cupulograms, are
roughly straight lines when plotted on semilog paper
and were used in early estimates of rL, yielding values
in the region of 10-15 s (28, 160).

The concept of a threshold value of a physical
stimulus for its detection seems simple enough: merely
the minimum level of that stimulus or the minimum

change that can be reliably and immediately detected.
In practice, the notion of threshold for detection of
angular acceleration is not nearly as simple. Several
problems are associated with the estimate of rL from
a sensation cupulogram or even from continuous mag-
nitude estimates of velocity. First of all the decay is
not really a simple exponential but exhibits adaptation
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and overshoot, as discussed in Adaptation, p. 1035.
Therefore, any estimation of a single time constant
will be too small if the adaptation effect is neglected.
Second, the slope is less steep for the nystagmus

cupulogram than for sensation, which is not consistent
with a simple interpretation of cupula deflection to-
tally explaining the dynamic response of both sensa-
tion and nystagmus. Third, the phenomenon of habit-
uation or reduced response to repeated stimulation
can easily lead to a sensation cupulogram with a slope
that is too small (rL tOO lOW) if tested with successively

increasing velocities or too large if tested with decreas-
ing velocities (28). Threshold or duration measures for
nystagmus are typically based on the presence of a
fast phase, or beat, rather than the associated slow
compensatory eye deviations. The first ocular reac-
tions to low semicircular canal signals are these slow
eye deviations, however, and nystagmus represents an
overload condition of sorts. Beyond these methodolog-
ical problems lie some fundamental limitations in con-
sidering a hard threshold Xmio associated with a mini-
mum cupula deflection. No such threshold has been
reported in either individual first-order afferent re-
cordings or unit recordings from neurons in the vestib-
ular nuclei (see the chapter by Goldberg and Fernfin-
dez in this Handbook.)

Sensation measures always depend on the subjec-
tive willingness to risk an opinion based on minimal
information. If the response is to be the subject's

reporting of a detectable motion, care must be taken
to control such variables as the subject's willingness

SYSTEM III

to guess or a tendency for the subject to wait until he
is certain before hazarding an opinion. Normally, dis-
tinguishing the inherent detectability of a signal from
the subject's strategy is accomplished by signal detec-
tion theory and by use of receiver operating charac-
teristic curves. In one common implementation, the
subject was forced to choose one direction or another
for a test at a fixed time after the test was initiated.

By convention, the acceleration magnitude that leads
to 75% correct detection is associated with the thresh-
old. For the double-staircase method of threshold de-

termination, the subject is presented with two stair-
cases of stimulus levels, one initially much higher and
one much lower than the presumed threshold. After
each correct identification, the following stimulus from
that staircase is lowered by a fixed ratio and after each
error the subsequent stimulus presentation is raised.
In this manner the upper staircase descends and the
lower staircase ascends toward the threshold level.

The two staircases finally cross and recross, yielding
an estimate of the actual threshold.

The entire concept of a vestibular rotation threshold
is better couched in terms of information or signal
detection than in terms of a physical switch. Consider,
for example, a combined stimulus pattern, c, consisting
of a simultaneous threshold velocity vt and threshold
acceleration step at in the same direction (see Fig. 8).

The calculated cupula deflection never exceeds the
hypothetical hard threshold level Xmm for any of the
three stimuli. If the simple concept of a cupula thresh-
old were adequate, the combined stimulus would be
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Fro. 8. Theoretical response of the torsion-pendulum cupula model to threshold velocity step,
vdt) = e -t/Is, to threshold acceleration step. at(t) = 1 - e-'/_s, and to a combined stimulus c(t) =
K[vt(t) + at(t)]. In theory, calculated cupula response for c{t) never exceeds threshold response to
velocity or acceleration threshold steps alone and would be undetectable for K as large as unity.
Measured thresholds for c(t) tended to values of K below 0.75, lending support to signal-detection
model rather than hard limit model for threshold. [Adapted from Ormsby (131).]
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just barely detectable or still at threshold when it was
the sum of vt and at. Experiments concerning the
detectability of various combinations of acceleration
impulses vl and steps al showed that detection thresh-
olds were always lower than predicted on the basis of
cupula deflection alone (131). Not only the peak cu-
pula deflection but the duration of its deflection con-
tributed to stimulus detectability, and they support
the concept of threshold in terms of a signal-detection
process. Recall that the resting discharge rates of both
regular and irregular first-order afferents vary from
moment to moment in the absence of any stimuli. The
signal-detection model assumes that an estimator
must identify a probable signal from a noisy process
consisting of the parallel firings of many afferents. For
signals that are small compared to the noise standard
deviation, a longer processing time is required (131).
This signal-in-noise theory is consistent with the psy-
chophysical threshold and detection-time measures,
and with the absence of any clear threshold in afferent
rates. Furthermore it is easily extended to explain
experiments in which the detection time is biased by
the expected direction or time of an acceleration or by
visually induced motion (176).

Oculogyral Illusion

Thresholds for detecting motion in the presence of
a light are one-half to one-tenth the size of those
measured in the dark (31, 68, 74, 91, 136, 159}. When

the subject is rotated in the dark and has a single light
source fixed in front of him, that light source also
appears to move relative to the observer. This illusion
of movement is referred to as the oculogyral illusion.
It was intiaUy explained on the basis of noncompen-
sated slow-phase eye movements associated with ves-
tibular nystagmus. These slow movements in the di-
rection opposite to the acceleration stimulus would
produce retinal slip of the observer-fixed target in the
same direction as true-target motion relative to the
observer in the direction of his acceleration. It was

presumed that suppression during fast phases was
present. However, a visual target normally inhibits or
suppresses vestibular nystagmus, at least below the
resolution of most eye-movement measurements, and
so the simple eye-movement explanation does not
hold. The oculogyral illusion is seen even with after-
images, which permit no retinal slip (173), although
Byford (26) reported its absence under stabilized im-
age conditions. The oculogyral illusion may still be
caused by attempted eye movements if the process of
voluntary visual suppression of vestibular nystagmus
involves a reinterpretation of the position of a target
fixed in the visual field (168). Although an adequate
explanation for the oculogyral illusion is still not at
hand, it is generally assumed that it results from a
vestibular signal. The labyrinthine information indi-
cates that not only is the observer moving but also
that everything fixed relative to him is also in motion

in the same direction, including touched objects and
sound sources. The part that remains unclear is why
the light should appear to move even farther relative
to the observer. Although it is impossible to eliminate
the argument that the task of observing the light raises
alertness levels and consequently lowers the measured
level, it appears that the perceived movement of the
light itself contributes to this lower threshold (91).

Adaptation

Although the torsion-pendulum model for mechan-
ical events in the semicircular canal is useful for ex-

plaining the short-term mechanical events and for
describing in a general sense the dynamic response of
perception and nystagrnus to brief acceleration stim-
uli, this model is clearly inadequate for responses that
last more than 20-30 s. For example, the torsion-
pendulum model predicts that the steady response to
a sustained constant acceleration is going to be a
constant cupula deflection. The observed subjective
velocity, however, reaches a peak at 25 s after the
onset of the constant acceleration and then proceeds
to plateau and decrease slowly back to zero, as indi-
cated in Figure 5. Slow-phase nystagmus velocity
shows a similar behavior, but significantly it does not
peak until 80-100 s after the initiation of the acceler-
ation (108). Unless a more complicated mechanical
mechanism is accepted for cupula creep back toward
its initial conditions, such as underdamped cupula
dynamics (27) or sliding of the cupula over the crista
(111), or for efferent signals stiffening of the cupula,
some manner of neural adaptation must be assumed
to explain this behavior. The adaptation seen in long-
duration responses affects neither the calculations of
perceived angular velocity during brief acceleration
nor the time to detect any but the lowest accelerations.

Another major difference between the torsion-pen-
dulum predictions and behavioral measures seen is
illustrated in the long-duration response to an accel-
eration impulse or a step change of angular velocity,
as shown in Figure 4. The simple torsion-pendulum
model predicts a single exponential decay from a peak
value back toward zero, with a time constant of ZL.
Both subjective angular velocity and slow-phase nys-
tagrnus velocity not only decay back toward zero but
also overshoot, resulting in a secondary phase of post-
rotatory sensation or secondary nystagmus. Once
again the time at which the secondary phase occurs is
much earlier for sensation (approximately 30 s) than
for nystagmus, in which case it may not appear for
more than a minute. This evidence of adaptation is
consistent with the observations from cupulograms,
discussed above in this subsection, that the slope of
the cupulogram is different for subjective velocity than
for nystagmus, leading to the false conclusion of a
shorter semicircular canal time constant TL based on
sensation. An overall black box model, which appears
adequate to describe the dynamic relationship among
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angular acceleration, subjective velocity, and nystag-
mus slow-phase velocity, is given by the transfer func-
tion (178)

_(S) Ks2e -'d'_
(7)

0Ji(S) -- (TsS -b 1)(TLS + 1)(TaS + 1)

where _ is subjective estimate of angular velocity; 60i
is actual inertial velocity of head; K is proportionality
constant; ¢d is pure delay time (0.3 s for subjective
sensation); ¢s is short time constant (on the order of
0.005 s); _L is long time constant (16 s); % is adaptation
time constant (30 s for subjective sensation, 120 s for

nystagmus); s is the generalized complex variable in
Laplace transform notation. Slightly different formu-
lations leading to similar models were independently
developed by Malcolm and Melvill-Jones (108) and
were discussed in a conceptual manner earlier by
others (73, 79).

The site of adaptation is not entirely clear. It prob-
ably does not take place mechanically in the semicir-
cular canal itself, because only some of the first-order
afferents show such adaptation. They are presumably
all subject to the same cupula-response dynamics,
unless one assumes a complex multimode cupula-de-

formation response. (As discussed in the chapter by
Goldberg and Fernhndez in this Handbook, it is pri-
marily among the irregularly discharging neurons that
this adaptation is seen.) On the other hand, units
located in the vestibular nuclei nearly all show a longer
dominant response time ¢L and an overshoot in the

postrotatory phase, similar to that seen in nystagmus
response {163). Similar kinds of behavior but with
shorter time constants are evident in units of the

thalamus and may be related to evidence of adaptation
in the pathways for subjective sensation of rotation
(24).

Adaptation effects on the frequency response of
perception are, as might be expected, evident only at
very low frequencies (below 0.01 Hz) and consequently
are not evident for normal physiological movements.
The frequency response for subjective sensation is
shown in Figure 9. The gain and phase relationships
between the sinusoidal angular velocity of the head

(input) and other perceived angular velocity or veloc-
ity of the slow phase or vestibular nystagmus {outputs)
illustrates the role of the vestibular system in angular-

velocity measurement. Over the midfrequency range
(0.1-1.0 Hz) corresponding to most normal head move-
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ments, the gain is constant and the subjective and
nystagmus velocities are roughly in phase with the
stimulus. (The eye velocity, of course, is compensatory
and opposite in direction to the head movement.) At
higher frequencies above 1 Hz, there is evidence that
vestibuloocular gain increases to fill in for the failure
of pursuit tracking to maintain fixation at higher fre-
quencies. Subjective sensation is virtually meaningless
regarding phase at such high frequencies.

For frequencies below 0.1 Hz the gain declines, and
the phase of the subjective and nystagmus velocity
response exhibits a substantial lead relative to head
velocity. Toward 0.01 Hz the response velocities are
closer to being in phase with the input acceleration
than with velocity, which is another way of represent-
ing the low-frequency inadequacy of the vestibular
system in measuring angular velocity. The adaptation
term leads to a phase lead of greater than 90 ° at
extremely low frequencies (22).

Caloric and Alcohol Effects

The cupulae of the semicircular canals are normally
maintained at a density very close to that of the
surrounding endolymph, so that they serve as sensors
for angular acceleration but are insensitive to linear
acceleration. If absolute neutral buoyancy were main-
tained (cupula and endolymph of equal density), each
semicircular canal afferent activity would be inde-
pendent of orientation of that canal with respect to
the gravity vector. In fact, individual canal units often
show a gravity sensitivity in addition to their primary
response to angular acceleration (103, 105). Presum-
ably any small gravity-sensitive effects of the semicir-
cular canals are either accounted for by central com-
pensation based on otolith inputs or are of such minor
influence that they are inconsequential. There are,
however, two relatively common situations in which
the delicate balance of density between cupula and
endolymph is disrupted. One is the clinical test known
as caloric stimulation and the other results from inges-
tion of alcohol.

Caloric stimulation, as introduced by Bhr_iny (2)
shortly after the turn of the century, remains among
the principal tools of the otolaryngologist for diagnosis
of peripheral labyrinthine disorders. The principal
mechanism is essentially as described by B_ir_ny. Ir-
rigation of the outer ear by water or air warmer or
colder than body temperature introduces a thermal
gradient that in time reaches the endolymph of the
lateral semicircular canal on the irrigated side. Warm
fluid decreases the endolymphatic density (146), cans-
ing the now denser cupula to sag in the direction of
gravity, as indicated schematically in Figure 10. If the
head is placed so that the lateral semicircular canals
lie other than in the horizontal plane, a component of
gravity acts on the cupula to cause a pressure differ-
ence across it or a minor cupula displacement entirely
analogous to the sort of cupula displacement resulting

from the physiological stimulus of angular accelera-
tion. Detailed measurements and calculations (128,

145) have shown that the torque thresholds associated
with generation of nystagmus are equivalent for caloric
stimulation and for angular acceleration. This simple
theory predicts that the magnitude of the nystagmic
response (measured by slow-phase velocity of eye
movements) should be proportional to the cosine of
the angle between the semicircular canal and the
gravity vector. Adaptation occurs to caloric stimuli in
a manner somewhat like that to prolonged accelera-
tion stimuli (13, 124). Furthermore some basis is pres-
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FIG. 10. Exaggerated cupula displacement during A: angular ac-
celeration; B: caloric stimulation; C: first phase of alcohol nystagmus
(PAN I).
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ent for assuming that there is a direct thermal effect
on nystagmus generation in addition to the influence
of gravity. This assumption is supported by Coats and
Smith (32), who indicate that the neutral points at
which no nystagmus occurs are not found at head

positions located at equal angles to those for peak
responses (4). The case for direct thermal responses is
weakened, however, by the measurements of Kellogg
and Graybiel (97) and those of Oosterveld and Van
der Laarse (130), who found that caloric responses
disappeared during the zero-gravity phase of parabolic

flight.
It must be recognized that the subjective sensation

of spinning, frequently associated with caloric stimu-
lation in the dark, is a bizarre and nonphysiological
one. To maximize the caloric response, the head must
be placed so that the lateral semicircular canals lie in
a vertical plane. Consequently stimulation of these
canals results in a semicircular canal signal, at least

from one labyrinth, which indicates rotation about a
horizontal axis. For unilateral stimulation this signal
is not confirmed by the other labyrinth. Even for
bilateral stimulation (hot water in one ear and cold in
the other) the semicircular canal signals of rotation
about a horizontal axis are in direct conflict with the

signals from the utricular otolith organs, which indi-
cate no change in head position with respect to the
vertical. It is hardly surprising therefore that the mag-
nitude and time constants of caloric nystagmus depend
strongly on static head orientation beyond that nec-
essary to account for the direct physical effect. Head
orientation influences the effectiveness of otolith sig-

nals in suppressing both visual and semicircular canal
inputs.

Alcohol is a commonly used drug that has at least
two important effects on vestibular function, as re-
flected in nystagmic eye movements and perception of
orientation. The anecdotal stories of a drunk being

unable to walk a straight line (or, more correctly, a
given curved line) are well known and reflect the
underlying influence of alcohol on both the semicir-
cular canals and on central compensation. The prin-
cipal effect that has been studied is positional alcohol
nystagmus (PAN). It has been known since the early
work of Flourens (56) that, when the head is placed
with one ear down, nystagmus beating in the direction
of that ear takes place during periQds of intoxication.
The explanation for this phenomenon has only re-
cently been made clear by Money and Myles {121),
who demonstrated conclusively that the nystagmus

generation (and presumably also the sensation of spin-
ning) was associated with the direct physiological ef-
fect of alcohol in initially reducing the density of the
cupula with respect to the surrounding endolymph.
Once a density difference has been established, the
influence of head position and gravity is the same as
for caloric stimulation (see Figure 10C). A later effect,

known as positional alcohol nystagmus II (PAN II),
takes place 4-6 h after alcohol ingestion, when the

direction of the density difference between cupula and
endolymph has been reversed. A further effect of
alcohol on the central vestibular mechanism is perhaps
to eliminate or to reduce the efficacy of central com-

pensation for any minor imperfections or disorders in
the peripheral labyrinthine system (8).

LINEAR MOTION AND GRAVITY

Nature of Linear Accelerometers

All linear accelerometers rely on the development
of inertial reaction forces on a mass and measurement
of either these forces or the displacements they create.
Because it is essential to the appreciation of the per-

ception of orientation during acceleration that the
nature of an accelerometer and of inertial forces is

thoroughly understood, an elementary review is in-
cluded here.

If a 5-gram mass is held stationary in the hand, it
requires an upward force on the mass of 5 x 980 dyn.
This same force presses downward on the hand and
can be used to weigh the object. If the mass is being
accelerated upward by 980 cm/s 2 (1 g), then the force
downward on the hand is 2 x 5 x 980 dyn, or 10 gram-

force (gf). If the mass is allowed to accelerate down-
ward at 980 cm/s '_, then no force is exerted on the

supporting hand. If the mass is accelerated to the left
at 1 g while still being supported to prevent it from
falling, the force on the hand is the vector sum of 5 gf
downward and 5 gf to the right, or 5 x _f2 gf directed

45 ° to the right of down. The force on the support is,
in each case, the product of the mass and the vector
sum of gravity minus acceleration. This is referred to
as the inertial reaction force. When this inertial force

is divided by the mass, leaving only the vector (g -
a), it is referred to as specific force. Unless the test
mass, sometimes called the seismic mass, is sur-
rounded by a fluid of equal density to it so that it
remains neutrally buoyant, the action of a specific

force would be to press it against its supporting mem-
bers. These supporting members may be an instru-
ment, springs, muscles, hair cells, or supporting cells.

The otolith organs are by no means the only linear
accelerometers in the body. The head, with its point

of suspension at the neck several centimeters below
the center of mass, serves as an accelerometer. During
forward accelerations it snaps back, sometimes with
disastrous results. Our whole body serves as a seismic

mass supported by the forces through our feet or
contact forces from a seat. Thus when a pilot is forced
down into his seat by centripetal acceleration during

a tight turn, he can use the associated tactile forces to
estimate his acceleration as he "flies by the seat of his

pants." Our lungs, being considerably less dense than
the surrounding tissue, also serve as a potential linear
accelerometer. Because the buoyant forces are greater
than the inertial reaction forces for the lungs, however,

the displacement of the seismic mass is in the direction
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of acceleration. If the cupulae of the semicircular
canals are not precisely balanced so as to be of the
same density as the surrounding endolymph, as ap-
pears to be true when they are infused with alcohol or
heavy water, they can serve as the mass for a linear
accelerometer and respond with a signal dependent on
the orientation of the head with respect to gravity. As
late as the nineteenth century it was assumed that
human spatial orientation with respect to gravity was
determined by shifts of brain tissue or blood in the
head on tilting.

Among all the possible linear accelerometers in the
human body that might be useful for orientation, the
otolith organs play a unique role. As discussed in the
chapter by Goldberg and Fernandez in this Handbook,
the utricular macula, with its collection of hair cells
oriented in various polarizations, is primarily sensitive
to components of specific force that are parallel to the
local plane of the utricular membrane and produce
shearing forces on the hair ceils. Thus when the human
head is pitched 25 ° forward from the fully erect posi-
tion (carried in a normal orientation for walking) with
the major planes of the utricle horizontal, the hair
cells are in an ideal position to detect any linear
acceleration in the horizontal plane. Because the oto-
lithic membrane is displaced by the influence of spe-
cific force and not acceleration alone, it is also highly
sensitive to the generation of any component of gravity

lying along the polarization vectors of the hair ceils.
In particular, it is ideally suited to detect any tilt of
the head forward or backward (pitch) or left or right
(roll). Because the hair cells have no way of indicating
whether they were displaced by the action of gravity
or linear acceleration on the overlying membrane (and,
indeed, the equivalence principle of Einstein states
that no physical instrument can distinguish between
these two equivalent accelerations), it seems clear that
this one, approximately planar, accelerometer is faced
with providing an ambiguous signal--one that cannot
distinguish between a body being accelerated forward
or one being pitched backward. Furthermore, the spec-
ification of the direction of specific force in a plane
does not give a unique orientation of that plane rela-
tive to the specific force vector. As a trivial example,
signals from the utricular otolith cannot be used to
distinguish between right side up and upside down
with the head in its normal position relative to the
trunk.

The orientation information available from the sac-

culus is not to be overlooked, however. It is ideally
suited for detecting vertical movements when the head
is erect, or small rolling movements when the head is
tilted at 90 ° to the vertical, or small pitch movements
when the head is in the prone or supine position.

It might be argued that knowledge of the magnitude
as well as direction of the specific force vector relative
to the head would be sufficient to determine orienta-
tion, but even this is not valid. First of all, there are

an infinite number of acceleration and gravitation

vector combinations that have a resultant vector mag-
nitude of 1 g. One simple combination is a forward
acceleration at 9.8 m/s 2 combined with a free fall

vertically at 9.8 m/s 2. More practically, consider the
specific force associated with a static head tilt of 1.5 °
to the right, which corresponds roughly to the thresh-
old of detectable head tilt. The lateral component of
acceleration is g sin 1.5 = 0.026 g. The compressive
component in the major plane of the utricles, lying in
the plane of the sacculus, is g cos 1.5 = 0.9997 g. This
is indistinguishably different from 1 g and is not de-
tectable by the sacculus units. Thus, based on infor-
mation from the otolith organs alone, there would be
no way of distinguishing between the tilt of 1.5 ° to the

right or an acceleration of 0.026 g to the left. This
ambiguity is a real one and can lead to a number of
illusions of erroneous spatial orientation. It is dis-
cussed in Ambiguity of Subjective Response to Accel-
eration, p. 1046. The ambiguity can be resolved only
by using other information, such as semicircular canal
signals, that indicates whether or not the subject has
been rotated at a suprathreshold rate. The ambiguity
can also be cleared up by reference to the expectation
of the possible motions that might have been imposed,
to information from nonvestibular cues, or by expec-
tation based on voluntary movement.

Static Orientation to Vertical

Two principal methods have been employed in de-
termining the ability of a subject to judge his orienta-
tion relative to the vertical in the absence of visual

orienting cues. In the nulling method the subject,
seated in a tilting chair, is normally displaced from the
vertical and is permitted to return himself to what he
feels is the erect position. The accuracy with which
the subject can return to the vertical depends on the
length of time he was left in the tilted position: long
durations lead to adaptation or undershoot on the
return. The speed at which he was originally tilted
(higher speeds lead to higher accuracies) and the
smoothness of the allowable return also influence the

results. When applied to threshold measurements,
subjects were typically able to judge correctly when
they were tilted away from their assumed vertical 75%
of the time if the tilt exceeded approximately 2.2 °
(110). (To compare to linear acceleration thresholds,
this corresponds to a lateral component of gravitation

equal to 0.038 g.)
Another widely used technique for judging the ver-

tical from a tilted position is to have the subject align
an illuminated line or rod to the judged vertical against
a dark or homogeneous background. This use of the
visual vertical allows the perceived angle of tilt to be
tested without the complication of the dynamics of
return associated with the nulling method. When the
observer is seated in the upright position, this judg-
ment can normally be made to within approximately
±3 °. Most importantly, this technique allows quanti-
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tative measurements of perceived tilt as a function of
actual body tilt to be made at all body-tilt angles.

The estimation of body tilt with respect to the
vertical, made by aligning a visible line to the per-
ceived body axis without any other visual reference,
might be thought to give the same indication of per-
ceived tilt as the alignment of the line to the perceived
vertical. Interestingly enough, the estimates of the
body axis, although agreeing generally with the per-
ceived vertical estimates for tilt angles up to 300-40 ° ,
continue to show an overestimation of body tilt for
larger tilt angles. At 90 ° of pitch or roll, for example,
when underestimation of body tilt is maximum, the

perception of the tilt angle of the body axis is always
overestimated. Nearly all of the quantitative work on
orientation perception, however, uses the indication of
the visual vertical, and it is on this basis that this
discussion is based.

For small tilt angles of the whole body about the
x-axis, a truly vertical line appears tilted in the direc-
tion of body tilt, and in estimating the vertical with
this line, many subjects tend to set it to a tilt opposite
the direction of the body tilt. This overestimation is
referred to as the Mnller or E effect {123). As tilt

angles increase beyond 30 °, however, many subjects

FIG. 11. Measurement of relative inclination of

luminous line that subjects set to apparent vertical

when they are tilted laterally. Range and median

shown for 13 subjects. Overestimation of tilt at

small angles is the E or Miiller effect shown by

some subjects. The underestimation A or Aubert

effect at large angles is more pronounced. [Adapted

from Bischoff (9), using data of Udo de Haes (157).]

indicate a reversal in the direction of error and under-
estimate the amount of tilt. The line is then set tilted

in the same direction as the actual body tilt. This is
known as the Aubert or A effect (1). Not only does the
principal error change as a function of the body angle,
but the variability in making these estimates increases
significantly for tilt angles above 30 °. The range of
individual differences for the A and E effects are

shown in Figure 11 for 13 subjects whose apparent tilt
angles are plotted. The increase in variability of the
judgment of the vertical made from positions other
than the upright has been associated with a depen-
dence on saccular rather than utricular cues. As the

tilt magnitude _ approaches 90 °, the theoretical sen-
sitivity of the utricular signals g cos _ to changes in
body angle approaches zero. The magnitude of the
deviations from the true tilt angle may be varied on a
centrifuge by increasing the strength of the specific
force acting on the otoliths. Although ocular counter-
torsion occurs during the head tilt, it is certainly not
the cause of the A effect. First of all, the ocular
countertorsion would tend to reduce the angle of the
true vertical relative to the vertical axis of the retina

and consequently introduce errors in the opposite

direction to the A effect, if no compensation was made
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for eye movements. Fischer (51, 52) concluded, on the
basis of direct measurements of ocular counterrolling
and the A effect, that the phenomena were indepen-
dent. Clearly, large angles of tilt underestimation up
to 45 ° could not be explained on the basis of ocular
countertorsion, which normally does not exceed 6 °-
8 ° . Most conclusively, Fischer (53) demonstrated the
existence of the A effect but no ocular counterrolling

in a patient with no labyrinthine function.
The E effect for tilts up to 30 ° is not limited to

visual orientation of a line. Blindfolded subjects
showed similar overestimation using a palpated rod to
indicate the vertical (10). A similar technique was used

in Skylab for judging orientation relative to the space-
craft {70). Auditory localization is also affected by the
tilt in the same manner (153). Reviews of the various
studies of the A and E effect in a 1-g field are given by

Howard and Templeton (90), Guedry (76), and SchSne
(141).

Similar consistent patterns of overestimation of

small tilt angles and underestimation of large tilt an-
gles also appear for pitch about the y-axis (141). There
have been several attempts to explain the mechanisms
of vestibular activity underlying the A and E effects.

In particular, Sch6ne and his colleagues have sup-
ported the notion that the shear component of specific
force lying in the plane of the utricular macula is
primarily responsible for the illusion of tilt. At any
given head pitch orientation 0 and roll angle _ with
respect to the vertical, the lateral and forward shear
components in the plane of the utricle are given by
the components

fyo = cos (0 - 0,) sin

and

f_o = sin (0 - 0o) cos (h

Oo represents the pitch inclination of the major plane
of the utricle with respect to the anatomical horizontal
and is usually assumed in the human being to be
pitched up or back by 25o-30 ° relative to the anatomic
horizontal plane. Thus no forward shear component is
present when the head is pitched forward 8u, and all
roll-tilt components, fy, are maximized when the head
is in the 8u pitch-forward position at the time of the
roll. By setting the perceived tilt angle proportional to

fy for roll and proportional to f_ with a bias component
of 0u for pitch, a rough approximation to the results
of tilting in a static 1-g field is achieved. To fully
understand the influence of compressive forces on the
utricular macula and of the role played by the sacculus,
however, it is necessary to examine the illusions of
pitch taken under higher gravity loads. This is accom-
plished by placing subjects in gondolas at the end of
a centrifuge arm and rotating at constant angular
velocities so as to achieve a static gravitoinertial spe-
cific force vector greater than 1 g. Perceived angle of
tilt was measured when subjects were placed at various

pitch and roll angles with respect to this resultant g

vector. Different combinations of body tilt and result-
ant g-vector magnitude could be used to independ-
ently vary the shear components in the plane of the
utricle and the compressive components on the utricle.
(The latter lie approximately in the planes of principal
sensitivity of hair cells for the sacculus.) It became
clear that the magnitude of the shear component in
the lateral plane in the centrifuge experiments was not
sufficient to predict the perceived tilt angle. Indicated
lateral tilt at various specific force levels between I g

and 2 g is shown in Figure 12. In all cases an increase
in compressive force, keeping the utricular shear com-
ponent fixed, led to an increased angle of tilt. A mere
increase in utricular compressive component alone
when no utricular shear component is present did not
result in any change in perception of body pitch or roll
(36, 140).

The perceived pitch or roll angle depends on the
specific force perpendicular to the utricular plane as
well as that in the plane. The utricular shear theory,
although very useful for explaining perceived tilt, ocu-
lar countertorsion, and acceleration thresholds for
small deviations from the upright position, generally
is not valid. Several hypotheses have been considered
to expand it to include the results of experiments

performed at increased gravitation levels. One line of
thinking maintains the primacy of utricular signals in
determining orientation with respect to the vertical,
but it includes nonlinearities. Among these nonlinear-
ities is the possibility that the utricular shear signal
saturates as the stimulus approaches 1 g in the plane
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FIG. 12. Measurements of angle of a line set to apparent vertical,

plotted against lateral component of specific force for various body
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from Correia et al. (36, 37).]
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of the utricles. Clearly, head tilts in the normal 1-g
environment never produce sustained stimuli exceed-
ing 1 g, and one might argue that the transducer was
not built to handle loads above 1 g. Another explana-
tion, based on physical mechanisms of displacement
of the otolith membrane over the utricular macula, is
simple and appealing. Correia et al. (37) pointed out
that, once the hair cells were bent by a shear compo-
nent of specific force, any subsequent compressive
component would result in further bending of the hair
cells, thus increasing the afferent signal and presum-
ably increasing the perceived tilt. Benson and Barnes
(5) developed this theory mathematically and showed
that indeed single utricular afferent signals, as mea-
sured during head tilt and on centrifuges, could be
explained on the basis of this combined loading. This
notion is also consistent with measurements of ocular

countertorsion that show a similar pattern of relatively
large gain for tilt angles up to 60 ° and much reduced
gain for tilts beyond that in a 1-g field. Others have
emphasized the role of somatosensory cues in account-
ing for the deviation of the visual vertical from the
predictions of the shear hypothesis (102). All of these
theories neglect the findings, now reasonably conclu-
sively demonstrated, however, that stimulation of the
sacculus plays a role in orientation in animals. Direct
saccular stimulation results in eye deviations (57), and
it has also been shown that the saccular signals re-
spond to steady-state orientation about the vertical
(50).

One general algorithm for prediction of overesti-
mation and underestimation of pitch and roll at accel-
eration levels equal to and exceeding 1 g has been
worked out by Ormsby and Young (132). The result of
this theory is a simple diagram for predicting A and E
effects in any gravity field, as shown in Figure 13. The
heavy line pitched up by an angle of 0 from the vertical

when the head is in a normal erect position represents
the dominant plane of the utricles. As usual, 0 is taken
to be 25°-30% The net gravitoinertial or specific force
vector is indicated by f. It may have components
perpendicular to the plane of the utricle, f_, in the

lateral plane, f_, or longitudinally in the plane of the
utricle, L. The tilt is taken to be an underestimation
(category A, Aubert illusion) when the compressive
component, f:, is less than 1 g x cos 0, which corre-
sponds to the compressive component present when
the head is erect in a 1-g field. Similarly if the com-
pressive force is greater than g cos 0, a Miiller illusion

or overestimation of tilt occurs. In category N, when
the compressive component of fz is exactly equal to
g cos 0, the veridical pitch or roll is presumed to be
felt. The actual angle of perceived tilt that is predicted
for any head orientation is calculated by the nonlinear
transformation of f_ to _, shown in Figure 14. The
components of fx and f_ are carried forward without
nonlinearity and combined as a vector sum with_ to
produce the estimated vector representing the vertical.
Figure 14 implies that information from the sacculus

FIG. 13. Schematic representation of perceived pitch categories

in various gravitational fields. The z-axis component of specific

force determines whether actual pitch is underestimated (category
A) or overestimated (category E). [From Ormsby and Young (132).]

is nonlinearly transformed, with a saturation at levels
of saccular stimulation exceeding those that corre-
spond to vertical accelerations greater than 1 g, and
with a slope of less than unity (range 0.6-1) for accel-
eration components less than 1 g. Although the results
of a number of experiments are not predicted ade-
quately by this theory, especially for head tilts greater
than 90 ° from the specific force vector, it does encom-
pass many of the test results exceeding 1 g, as indicated
in Figure 15. According to the theory, the utricular
shear for lateral tilt is dominant in determining ori-
entation for small tilts away from the vertical, wherein
the stimulation to the sacculus remains virtually con-
stant. Saccular information, however, cannot be ig-
nored for larger tilt angles or for higher acceleration
levels. On the other hand, information from the sac-
culus is not transformed without error. It results in an

ambiguity for vertical accelerations that produce net
downward components of f greater than that which
would be expected in a 1-g field. We refer again to this
ambiguity in the interpretation of saccular information
in treating the case of perception of orientation during
vertical oscillations.

An alternative scheme for combining utricular and
saccular information has been proposed by Sch6ne
(141), and this scheme appears to match experimental
data in a 1-g field at all angles. In that formulation,
saccular signals merely switch the utilization of the
utricular shear signal when the head is tilted more
than 90 ° .
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Contributions of Nonlabyrinthb_e
Sensors to Perception of Tilt

In all of the tilting experiments described above,
subjects received consistent cues from the various
sensory systems. Confirming cues emanated from the
otolith organs, from surface and deep pressure tactile
receptors, and occasionally from proprioceptive or kin-
esthetic receptors activated by the muscular effort
required to maintain limb, head, or trunk postural
stability in the tilt position. The preceding discussion
emphasized the role of the shear component of specific
force, especially on the utricular otolith, but also on
the sacculus. Several techniques have been used to
isolate the relative contributions of the labyrinthine
and nonlabyrinthine (nonvisual) cues (76). Tactile and
proprioceptive cues can be reduced, if not entirely
eliminated, by various methods discussed in Reduced
Somatosensory Cues, this page. Labyrinthine cues can
be eliminated through the use of labyrinthine defective
subjects in experiments. Static otolith cues are tem-

porarily eliminated during free fall, in aircraft para-
bolic flight, or in spacecraft. Finally, somatosensory
and proprioceptive cues can be augmented artificially
by various techniques.

Reduced Somatosensory Cues

The tactile and proprioceptive cues afforded a nor-
mal subject may be reduced by using local anesthesia
on the soles of the feet or the buttocks to eliminate

support cues. Others have experimented with subjects
who have suffered from spinal lesions, resulting in the
interruption of afferent information from the parts of
the body where support was provided. Most com-
monly, however, tactile cues were not eliminated but
rather were spread out over a very large contact area,
so that the peak pressure at any one part of the skin
or over any one of the deep pressure sensors was kept
relatively small. These latter methods either used
form-fitting molds or were performed underwater. It

should be clear that even in a neutral buoyancy un-
derwater experiment, the average pressure on the
lower side of the subject is greater than that on his
upper side. The pressure differences are relatively
small, however and may be imperceptible. When nor-
mal subjects are deprived of the usual somatosensory
cues during tilt experiments, their average perception
of tilt does not change noticeably, but the variance of
their estimates of orientation increases markedly.
Brown (20) carried out extensive experiments on the
ability to perceive orientation with respect to the
vertical when underwater and to right one's self with
respect to the vertical. Errors in estimation compared
with measurements taken with the normal-tilt chair

support structure increased markedly, especially when
the estimations were made with the head down or the

face up. Especially large errors occurred when the tilt
angle was more than 60 ° from the erect position in
pitch or roll. SchSne (139) found similar results in his

underwater experiments wherein subjects indicated
their orientation to the vertical by adjusting a line in
the usual manner. With water immersion, subjects
exhibited slightly greater E and A phenomena than
when suspended from straps. The principal difference
is the increased variance when somatosensory cues are
reduced. Both SchSne and Brown found that the

position with the head down led to the largest errors.
When tests of alignment to the vertical were carried
out on a centrifuge with normal subjects immersed in
water to the neck, Graybiel et al. (71) found a relatively
small reduction in perceived tilt relative to the same
tasks carried out under dry conditions, as shown in
Figure 16. Schock (138) also found that subjects at-
tempting to set luminous rods to the vertical at various
tilt angles underwater showed approximately twice
the variability as they did when they were dry. Tactile
cues do not normally introduce any major consistent
bias in judgments that are primarily based on labyrin-
thine sensory information, particularly within +60 ° of
the erect orientation. They do, however, reduce the
variability of such judgments.

Labyrinthine Defective Subjects

Unlike visual or auditory senses where the distal

stimuli are easily removed by closing the eyes or
blocking the ears, the vestibular sense organs of nor-
mal subjects cannot normally be shut off. Even in the
absence of any linear or angular acceleration cues, the
unmodulated resting discharge signals to the central
nervous system that no measurable acceleration has
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rm. 16. Comparison between settings of line to perceived hori-

zontal by norma[s and labyrinthine defectives (LDs) in air and when

tactile cues were reduced by submersion in water. [Adapted from

Graybiel (71).]
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taken place. The importance of this null signal is
amply demonstrated by the generation of optokinetic
afternystagmus (33) and by the production of motion
sickness symptoms from visual stimuli alone in sta-
tionary subjects with functioning vestibular systems
(18, 119). Consequently, to investigate the role of
nonvestibular cues in determining orientation, and in

particular for perceiving tilt, wide use has been made
of subjects with bilateral loss of vestibular function.
Loss of bilateral labyrinthine function is not uncom-
mon among deaf subjects and may be the result of a
number of disease entities or surgical intervention to
treat severe auditory or vestibular problems. The ab-
sence of semicircular canal function is demonstrated

by the absence of nystagrnus during extreme caloric
stimuli, and the absence of otolith function is demon-
strated by a minimal ocular counterrolling response to
head tilt.

Labyrinthine-defective (LD) subjects show a
threshold to linear acceleration of the range of 15-

26 cm/s 2 compared to thresholds in normals of 2-5
cm/s 2. By way of contrast, removing substantial
amounts of somatosensory input from normals by
testing during water immersion raised thresholds to 4-
7 cm/s 2, and thresholds of subjects with high spinal
lesions interfering with somatosensory afferent feed-
back were also in the range of 4-8 cm/s 2 (164). The
lower curves in Figure 16 show that the perceived tilt
for LDs during rotation on a centrifuge is about one-
half that for the normal subject population. Further-

more the LD subjects, when deprived of their principal
somatosensory information by water immersion, show
a marked drop in the perceived tilt angle (71).

It is somewhat puzzling to note that the LD subjects
consistently underestimate the angle of tilt with re-
spect to the resultant vector on a centrifuge, whereas
the normal subjects perform reasonably well, except
for the A and E effects. On a tilt chair, however, where
the direction of the specific force vector with respect
to the head varies as much as it does for the centrifuge

experiments, LD subjects are able to return them-
selves to the postural upright position with about the

same accuracy as do normal subjects (30). Apparently
the LD subjects, although much less accurate than
normals in estimating the actual angle of tilt with
respect to a force vector, are roughly equivalent in
perception of tilt at one critically important angle--
that which corresponds to maintenance of the head in
the erect position. Not unexpectedly, when LD sub-
jects are given a sufficient number of trials to practice
returning themselves to the vertical from the tilt po-
sitions maintained for various periods of time, they do
nearly as well as normals. Mean deviations for normals
are of the order of 1.5 ° compared to 2.5 ° for LDs (143).

Experiments on perception of the vertical with tilted
LD subjects afforded an opportunity to test the hy-

pothesis that the A and E effects were associated with
nonlinearities in the otolith organs. The A and E
effects exist for LD subjects as well as normal subjects,

making it clear that the otolith organs are not solely
responsible for these systematic errors in perception
of tilt. The magnitude of the effects, however, are far
greater for the LD subjects than for the normals, and
the transition from E to A phenomena occurs at
smaller tilt angles with LDs than with normals (118).

Experiments on LD subjects, as well as those con-
cerned with reduction of somatosensory cues for nor-
mal subjects, indicate that in the normal subject there
exists a high degree of redundancy between somato-
sensory cues and otolith cues concerning orientation
to the vertical. This redundancy leads, in the normal

human being, to high repeatability in orientation and
low thresholds for detection of acceleration or tilt. The

illusions of underestimation of tilt are not uniquely
attributable to the otolith organs or to the somatosen-

sory system. In the absence of somatosensory cues,
the variability in judgment increases. In the absence
of labyrinthine cues, somatosensory cues are reason-
ably effective in the region of the upright head-erect
position, but they fail for head angles more than 10°-
20 ° from the vertical.

Amplified Somatosensory or Postural Cues

Somatosensory signals may be distinguished from
vestibular cues by independently altering the strength
of the former. Relatively enhanced sensory cues can
be provided during zero-gravity flight, when the otolith
organs provide no indication of static orientation. A
tactile indication of a local "down" reference can be

established by pressing a subject down to his couch or
with his feet against a surface using elastic tethers.
Graybiel et al. (69) experimented with astronauts in
the Gemini flights, and similar experiments were car-
ried out by Graybiel et al. (70) on Skylab to determine
the ability to maintain a sensation of body orientation
with respect to the spacecraft in the absence of vestib-
ular stimulation and visual cues. Settings of an appar-
ent horizontal line with respect to the body axis were
consistent and showed no obvious deviations, leading
to the conclusion that the remaining tactile, propri-

oceptive, and kinesthetic cues, transmitted through
the chair support, were sufficient to define this refer-
ence frame. Recent observations on the ability to
voluntarily change one's sense of the direction of a
local vertical during free fall has indicated that for
many subjects tactile cues can be used for this purpose
in the absence of otolith cues.

The voluntary muscular effort required to avoid

falling can provide sensory cues that also contribute
to judgment of orientation. Most of the tilt experi-
ments discussed above were carried out with a seated

subject. When similar experiments were performed
with the subject standing, using tilts of up to 20 ° to
the right and left of the vertical, Clark and Graybiel
(30) found that neither their LD subjects nor normal
observers showed any significant errors in tilt percep-
tion, although the tilt angles were somewhat small.
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The notion that the muscular activity required to
avoid falling influences perception of orientation is
strengthened by experiments in which this activity is
caused to be altered without head tilt. Uneven appli-

cation of weights can produce asymmetrical forces on
the head or body (98, 99, 137}, which is resisted by
asymmetrical muscle tone. The muscle tension can be
sensed by muscle spindles and by Golgi tendon organs.
Wapner et al. (166, 167) showed that galvanic stimu-
lation to the muscles to change muscular activity could
also produce an asymmetrical tone. Each time the
perception of body tilt was similarly influenced, just
as though the muscular tone was necessary to avoid
falling when tilted. Asymmetrical tactile cues have
been used recently in aircraft flight simulators to

provide the illusion of tilt or sustained acceleration
(100). The application of asymmetrical tactile cues is
achieved by differential elevation of various panels of
a seat and back rest. The perception of increased
magnitude rather than direction of the gravitoinertial
acceleration is achieved by contouring the support so
that all of the body's weight is taken on two high-

pressure points, the ischial tuberosities.
The perception of orientation with respect to the

vertical in the normal subject is thus seen to be mod-

ified somewhat by manipulation of the somatosensory
input. In the absence of such cues, judgments are
frequently variable. The tendency to make great errors
in judgment as one approaches the otolithic blind spot
in the head-down position is particularly apparent. It
is of interest to note that no such blind spot appears
obvious in examination of the neurophysiological data.

Representation of the changes in acceleration from
any initial head position appears to be adequately
present both in the first-order afferents from utricular
and saccular units (50, 155) and in the units recorded
in the vestibular nucleus. Certain directions of linear
acceleration sensitivity do, however, appear to be pref-
erentially represented at the level of the vestibular
nucleus in the cat {41).

DYNAMIC RESPONSE OF OTOLITH SYSTEM

Ambiguity of Subjective Response to Acceleration

Horizontal-axis linear accelerations may be looked
on as the vector sum of two orthogonal components of

specific force, downward directed gravity and horizon-
tal force opposite to acceleration. The total gravito-
inertial vector, however, which is the vector sum of
these two forces, swings through an arc just as a
pendulum would during horizontal acceleration of its
pivot. It is well known that the semicircular canals as
well as the otolith organs respond to such rotating
linear acceleration vectors (4) and that nystagmic eye
movement and subjective rotation are elicited by these
rotating stimuli. It is therefore not a simple matter to
distinguish between the influence of the rotating vec-
tor and the influence of the time-varying horizontal

component. Nor is it obvious whether the response
that should be sought is one of perceived horizontal
motion or perceived tilt with respect to the rotating
vector. This difficulty can be overcome on earth by
testing with dynamic linear accelerations along a ver-
tical axis. In this case there is no rotation of the

gravitoinertial vector, but all stimuli must take place
about a 1-g bias level that may influence the results.
The use of a centrifuge to build up horizontal compo-
nents of acceleration presents additional problems.
Either the subject is fixed in orientation with respect
to the vertical, in which case the gravitoinertial vector
rotates as in the case of the lateral oscillations, or he

is in a pendulous swinging gondola that remains
aligned with the gravitoinertial vector but which must
tilt in order to do so, thereby stimulating the semicir-
cular canals. Finally, transient linear accelerations
normally take place beginning from a 1-g bias. Only
during brief exposures in the zero-gravity portion of
parabolic flight or during linear acceleration experi-
ments carried out within an orbiting spacecraft can
this initial bias be removed.

When performing open-loop or magnitude estima-
tion tasks, it is by no means clear what response
should be sought from the subject. For horizontal
accelerations, various investigators have attempted to
elicit responses of subjective displacement or subjec-
tive acceleration. Most success has been achieved by

asking subjects to respond with subjective linear ve-
locity. In its simplest form this comes down to a
judgment of "which way am I moving," which is
particularly useful for determining the phase relation-
ships between imposed and subjective velocity. The
occurrence of the alternate subjective orientation re-

sponse of pitching or rolling in response to horizontal
acceleration depends to a great extent on mental set
and the perceived degrees of freedom of the stimulat-
ing device. Sometimes after prolonged oscillation in
the horizontal plane the initial perception of pure
translation changes to one involving a strong percep-
tion of tilt during the peak acceleration phases at the
extremes of the oscillation (133). As is true in studies
of the rotation-sensing system, many of these difficul-
ties in reporting techniques can be overcome by using
the nulling method, in which the subject attempts to
maintain himself stationary in space through closed-
loop control.

Linear Acceleration Steps

When a seated subject, deprived of visual cues, is
accelerated in a horizontal direction along his x, y, or
z head axis, the time to correctly detect the accelera-
tion rises as the acceleration magnitude is reduced for
accelerations below approximately 0.05 g (0.5 m/s2).

The data reported by Meiry (112) for accelerations
along the x-axis are shown in Figure 17. The model
predictions indicated by the solid line follow from a
theoretical model of the form
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a_, (1 + 0.07e -l"_r - 1.07e -°'u) -- constant

where ax, is the component of linear acceleration in
the plane of the utricular macula and t is the time
required to detect the constant acceleration. Meiry
assumed that the direction was based exclusively on

shear forces applied to the utricle, and he neglected
the possible use of saccular information. Thresholds
were extrapolated from these data and taken to be
0.01 g for the supine position (z-axis acceleration) and
0.006 g for the head-upright position. Meiry assumed
that the absolute threshold, which would be reached

for accelerations in the plane of the otolith with the
head tilted forward 25°-30 °, would be approximately

0.005 g.
A comparable set of experiments, measuring time to

detect linear acceleration in the vertical axis and tak-

ing into account the 1-g bias, was carried out by
Melvill-Jones and Young (117). The times to detect
the onset of acceleration as a function of acceleration

magnitude, shown in Figure 18, were remarkably sim-
ilar for the vertical accelerations, indicating that the
rotation of the linear acceleration vector and conse-

quent stimulation of the semicircular canals was prob-
ably not an important factor in the response to hori-
zontal acceleration. A convenient method of viewing
these data is to recognize the roughly hyperbolic shape
of the latency time-versus-acceleration curves and,
allowing for the existence of some minimum reaction
time 6, express the curves in the form

t = B/a + tr

where t is the time to detect an acceleration step of
magnitude a and B is the velocity constant, corre-
sponding to the velocity that must be reached during
brief linear accelerations before they are noticed. B
was found to be 21.6 cm/s (___2.6) and 22.6 cm/s (___1.3)
for vertical and horizontal acceleration, respectively,
both with the head erect. [Horizontal acceleration
with subject supine raised the constant to 32.4 cm/s
(_2.0).] The calculated threshold for vertical acceler-
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constant of 0.022 g-s. [From Melvill-Jones and Young (117).]

ation, stimulating primarily saccular receptors, is

nearly the same as that extrapolated for horizontal
accelerations stimulating the utricular receptors.
What is significantly different between the two axes,
however, is the presence of a high degree of ambiguity
and confusion in judging the direction of acceleration
in vertical motion. Despite the brief latency times to
detection of motion for the vertical, subjects were

frequently wrong in their judgment of the direction in
which they were moving. Frequently subjects who are
given step or sinusoidal accelerations in the vertical
direction are totally incapable of judging the direction
of their current motion, although they are able to

detect accelerations {109, 117). Because saccular units
are presumed to have roughly the same sensitivity as
utricular units to linear acceleration along their axes
of polarization (50, 169), this threshold or sensitivity
difference cannot be ascribed to the end organ, but a

central nervous system integrative process must be
investigated for an explanation. This difference in the
treatment of saccular and utricular information is

implicit in the static orientation model discussed in
Static Orientation to Vertical, p. 1039.

Sinusoidal Linear Acceleration

Mach (106) reported that the thresholds to detec-
tion of vertical periodic motion on a seesaw-type de-
vice ranged between 10 and 12 cm/s 2 (0.01-0.012 g) for
himself and also for his technical assistant {87). A

table of these thresholds, presented by Guedry (76),
indicates a clustering of measures in the region of
0.005-0.01 g for oscillations in the 2-to-9-s period
range. One of the remarkable aspects of perception of
linear oscillation is the normally unexpected occur-
rence of a substantial amount of phase lead at lower
frequencies. Although there is not a complete overlap
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and agreement of data among investigators who have
performed linear accelerations (94, 112, 165), there is

agreement that the phase lag between stimulus veloc-
ity and perceived velocity increases with frequency.
The phase relation for horizontal linear acceleration
along the x-axis is shown in Figure 19. Reliable sub-
jective judgment of magnitude is much more difficult
to obtain. Walsh was able to demonstrate the erro-

neous phase relationship to his subjects dramatically
by having them open their eyes after having made a
judgment of their direction of travel and thereby de-
termine whether their perception was leading or lag-
ging the actual motion.

The low-frequency phase lead and high-frequency
phase lag implied by the data of Figure 19 are consist-
ent with a linear transfer function relating the percep-
tion of linear velocity to the actual horizontal linear
velocity given by

perceived velocity = 1.5 (s + 0.076)

actual velocity (s + 0.19)(s + 1.5)

The dominant time constant in this model (5.3 s)
cannot be attributed to the mechanical events at the

SYSTEM III

otolith organs by analogy to the relationship of rota-
tion sensation to cupula return dynamics. The only
direct measurements of otolith displacements during
oscillation, taken by deVries (42) in the fish, indicate
an extremely fast reacting system with dominant time
constants of the order of 0.005 s. Direct recording of
first-order afferent units from the utricular and sac-
cular maculae showed substantial sensitivity up to at
least 2 Hz. Fernhndez and Goldberg (50) fitted the

frequency response data with a transfer function hav-
ing a dominant first-order lag-time constant in the
range of 5 to 30 ms. (An additional long-adaptation
time constant was highly variable among units.) Ob-
viously the long integration times shown in the per-
ception data must be found other than at the end
organ. Some evidence suggests that much of the pro-
cessing of otolith signals takes place by the level of the
vestibular nuclei, where substantial phase lags have
been reported. The limited data reported by Melvill-
Jones and Milsum (115) on frequency response of cat
vestibular nuclei to linear sinusoidal oscillation indi-

cates a substantial buildup of phase lag over the fre-
quency range of 0.1-2.0 Hz.
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COMBINED ROTATIONAL AND LINEAR ACCELERATIONS

Consistent and Inconsistent Vestibular Signals

Although most of the acceleration patterns dis-
cussed thus far involve stimulation of either the semi-
circular canals or the otoliths, the patterns of head
movements encountered in daily life normally involve
simultaneous stimulation of both types of labyrinthine
organs. The simultaneous acceleration stimulation
may be either consistent or conflicting. Of course all
of the sensory cues are, in a certain sense, consistent
if one takes into account the physical stimulation
situation and the dynamic response of the sensors.
The term consistent, however, may be restricted to
the simple situations in which the interpretation of
perceived motion may be reached by considering cur-
rent semicircular canal output signals to represent
head angular velocity and current otolith signals to
represent direction of the specific force vector. A sim-
ple example of consistent cues is a rapid rolling motion
of the head from the upright position 90 ° toward the
right shoulder. If the movement is completed in less
than 2 s or so, the vertical semicircular canals indicate
approximately the correct instantaneous head-roll an-
gle velocity, which can be integrated centrally to cal-
culate the change in head-roll angle. This change in
head angle of 90 ° is consistent with the short-term

measurements made by the utricular and saccular
otolith organs, indicating that the specific force vector
now lies along the head y-axis, having rotated 90 ° from
the head z-axis. Minor deviations from accurate de-
termination of orientation associated with the A effect
or with inaccuracies in canal transduction are ignored.
The consistent interpretation based on canal and oto-

lith signals is the veridical head roll. If this action were
the result of active muscle contraction rather than

passive rotation, the perception would furthermore be
consistent with the efferent copy determination of the
result of muscular contractions. Finally, if this action
were performed with eyes open in a stationary envi-
ronment, the perception would agree with that based
on visual cues (relative rotation of the retinal image),

taking into account the small effects of ocular torsion.
Simple examples of conflicting cue situations are

more difficult to find, although one may be a common

experience to the reader. During constant forward, x,
acceleration lasting more than a few seconds, such as
is experienced during the takeoff roll of an airplane,
the specific force vector rotates rapidly from the ver-
tical to a position lying in back of the true vertical.
The passenger or pilot is forced back into his seat,
pressure cues on the back increase, and the utricular
otolith organ detects a component of specific force in
the -x direction. The new specific force vector lies
between the x-axis and the -x-axis, as shown in Figure
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FIG. 20. Illustration of perception of pitch during constant acceleration. [From Benson (4a).]
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20. All of the linear acceleration mechanisms therefore
indicate a situation consistent with a change from the

upright to a pitched-back orientation. The vertical
semicircular canals, however, having received no an-

gular acceleration input (neglecting the direct effects
of linear acceleration on the cupulae for the moment),

signal no change in pitch angular velocity, which was
assumed to be zero at the outset. Consequently there

is a conflict between the simple interpretation of linear
acceleration cues as a pitch up and the lack of confir-
mation by semicircular canal signals. What in fact
normally happens, in the absence of visual signals or
a mental set dictating the contrary, is an initial per-
ception of forward acceleration without any change ii_
pitch angle, which only gradually shifts to the replace-
ment of the acceleration sensation with one of steady-
state pitching up. The generally accepted explanation
is that, with the passage of sufficient time compared
with the dominant time constants of the semicircular

canals, the lack of a confirming semicircular canal
signal is given less weight in the conflict with otolith
signals, and that in the steady state the otolith signals
dominate in perceiving static orientation with respect
to the specific force vector. This pitching-up illusion
is of practical importance when the accelerations are
large. On catapult-assisted takeoffs from an aircraft
carrier deck, the illusion of excessive pitching can be

quite severe, even without consistent semicircular
canal cues. The unfortunate pilot, who believes that
he has been pitched up excessively during the launch
and reacts by pushing the nose downward, risks an
abrupt crash into the water. The following sections
illustrate some of the better known examples of con-

flicting vestibular cues and their resolutions.

Centripetal Acceleration

Consider a subject who is riding in a fixed chair at
the end of a centrifuge arm when the centrifuge rapidly
spins up to a consistent angular velocity. If the subject
is facing "into the wind" so that his y-axis lies along
the centrifuge arm, the centripetal acceleration is di-
rected inward along his -y-axis (for counterclockwise
centrifuge rotation) and the centrifugal force is di-
rected out along his +y-axis. The net specific force
vector rotates from the true vertical outward, as illus-

trated in Figure 21. The specific force vector rotates
outward by an angle 0, given by 0 = tan -1 (J/g). The
subject senses the initial acceleration to angular veloc-
ity w about his z-axis with his horizontal semicircular
canals. After several canal time constants, the sensa-
tion of rotation about the z-axis decays to zero. The
rotation of the specific force vector creates a situation
similar to that of the pitch illusion during acceleration,
discussed in Ambiguity of Subjective Response to Ac-
celeration, p. 1046. Although the otolith cues and the
tactile cues are all consistent with the simple expla-

nations of a subject rolling outward by an angle 9 with

respect to the vertical, they are not confirmed by

signals from the vertical semicircular canals. Further-
more, if the subject had been actually rolling while
yawing about his z-axis, cross-coupled angular accel-
eration would also have introduced a sensation of

pitch, which is similarly lacking. In any event the
perception that the vertical is aligned with the specific
force vector lags dramatically behind the actual rota-
tion of the specific force vector {67), as indicated in

Figure 21. Presumably the delay in adopting the
changing direction of the specific force vector as the
vertical is tied to the conflict with the semicircular

canal signals, and it awaits the passage of several time
constants of the canals before these conflicting signals

can be ignored.
Another situation in which the semicircular canal

and otolith cues conflict is a coordinated turn in an
aircraft. In this most common of all aircraft maneu-

vers, as illustrated in Figure 22, the aircraft is maneu-
vered from straight and level flight into a constant
rate of turn w by rolling to a bank angle _. A typical
pattern of rolling into and out of a sustained constant-
rate coordinated turn of radius r is shown in the figure.

The specific force vector, f, which is the vector sum of
gravity g and negative acceleration rJ, remains
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Graybiel and Brown (67).]
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AIRCRAFT ORIENTATION

SUBJECTIVE
ORIENTATION

//
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aligned with the z-axis of the aircraft and of the pilot
and passengers during the coordinated turn. As a
consequence, a conflict develops between semicircular
canal and otolith cues about the roll angle. The vertical

semicircular canals, sensitive to the brief roll rate,
correctly indicate the roll into the turn during initia-
tion of the roll rate, and they indicate the existence of
zero roll rate during the constant turn. The otolith
system and the other graviceptor sensors, however, do
not detect any change in the orientation of the specific
force vector with respect to the body; the specific force
vector always points directly down through the bottom
of the aircraft. The only change the graviceptor sen-
sors experience is a small increase in the magnitude of
the specific force vector from g to g(1 + rJ/g). Be-
cause the graviceptive cues do not confirm the exist-
ence of a steady-state roll angle, the perception of this
roll is quickly washed out, unless confirmed by visual
cues, instruments, or previous knowledge of the ma-
neuver. Furthermore, the turning rate w is usually

constant and becomes subthreshold. The perceived
roll is indicated schematically by _ in Figure 22. On

rolling out of the coordinated turn and back into
straight and level flight at the end of the maneuver,
the reverse process takes place. Beginning with the
perceived roll angle of zero, the subject interprets the
transient semicircular canal cues as a roll in the op-

posite direction of the initial turn (to the right in Fig.

_t

i
/

I
/

/

FIG. 22. Coordinated turn leading to error of spatial orientation.

22). Because the direction of the specific force vector
still remains aligned with the subject, however, this
sensation of rolling in the opposite direction during
straight and level flight is normally not maintained.
The situation is further complicated by the postrota-
tory sensation in yaw {discussed in Rotation in Dark,
p. 1029), in which the horizontal semicircular canals
signal a postrotatory turn to the right, consistent with
the illusion of roll to the right. The coordinated turn
is a simple but well-documented case of practical
importance in which the conflict exists between semi-
circular canal and otolith cues. It is resolved normally

by short-term and transient reliance on semicircular
canal signals {which are relatively high-frequency
transducers of roll angle changes) and long-term or
steady-state reliance on otolith and other graviceptive
cues. It is of such practical importance in aviation

safety that it serves as a fundamental case for teaching
pilots during instrument flight to believe their instru-
ments. In the presence of visual fields indicating the
veridical motion of the aircraft, of course, the conflict

is easily resolved correctly.

Cross-Coupled Angular Accelerations;
Coriolis Illusion

A common perceptual illusion that causes almost as
much confusion in its discussion as in its experience is
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that of cross-coupling due to simultaneous rotation
about more than one axis. Both the perception of

spatial rotation and the discomfort associated with
such head movements are explainable on the basis of
signals processed by the semicircular canals and oto-
liths. Consider, first, a subject who is rotating at con-
stant angular velocity counterclockwise (left to right)
about his z-axis vertical, which is the normal position
for spinning with the head erect. Shortly after begin-
ning this rotation, the horizontal semicircular canals,
having integrated the acceleration necessary to reach
this velocity and not yet having had sufficient time for
the cupulae to return, correctly indicate the magnitude
and direction of his angular velocity. Let us call this
velocity w_. Now permit the head to be tilted rapidly
90 ° to the left shoulder, assuming for simplicity a
constant-roll angular velocity of _oxfor this tilt. During
the tilting motion, the ongoing vertical-axis angular-
velocity vector t0_ is rotated in head-fixed axes from
the yaw axis to the pitch axis at an angular velocity of
0_. This rotation, represented as an angular accelera-
tion about the head roll axis, is a real angular accel-
eration of magnitude o_¢0x, directed along the y-axis. It
would be detected by any angular accelerometer sen-
sitive to accelerations about the y-axis, including the
vertical semicircular canals, which detect pitch. Con-

sequently the vertical canals detect and transmit the
transitory acceleration leading to a perception of pitch
forward during the period of head tilting. {This tran-
sient acceleration disappears when the head has
reached its new position.) As a result of this cross-

coupled acceleration, the ongoing angular velocity
about the vertical axis wz has been removed as a

stimulus from the yaw semicircular canals and appears
as a stimulus to the vertical pitch semicircular canals.
The horizontal canals signal a deceleration to zero,
and the vertical canals signal an acceleration to the
actual vertical axis angular velocity, which is now
about the head pitch, x, axis. All of these phenomena
represent the veridical situation and, to this point in
the discussion, would cause no conflicting signals or
disorientation. In fact, such a head movement carried

out just after initial acceleration causes minimal dis-
orientation and no discomfort (77).

The more interesting and more disturbing aspects
of cross-coupled angular acceleration occur when the
head tilt is made after a prolonged period of constant
angular velocity. If we assume that the angular veloc-
ity of spin about the vertical axis discussed in the
paragraph above has been going on for 30 s or more
prior to the head tilt, then it is apparent that prior to
the head tilt the yaw semicircular canal cupula would
have returned to its rest position and the perception

of angular velocity about the z-axis would also have
returned to zero, as illustrated in the left portion of
Figure 23. Assuming that the roll rotation is a passive
one in the dark, the subject would be taken completely
by surprise by the resulting yaw and pitch semicircular
canal signals and the perceptions that ensue from a

head tilt to the left shoulder during this ongoing spin.
The transient cross-coupled angular acceleration in-
dicating a pitch-back sensation during head tilt occurs,
just as in the case discussed above. In this situation,
however, because the subject would presumably have
an indication of ongoing z-axis angular velocity, the
sensation would come as a complete surprise and does,
in fact, cause alarm and confusion. The pitch axis
semicircular canals are accelerated from null to w_ and

indicate to the subject a sudden and unexpected ac-
celeration about the vertical axis w_, as above. The

horizontal semicircular canals, having been in their
rest condition prior to the head tilt, indicate a sudden
deceleration when the ongoing vertical axis counter-

clockwise velocity is removed from them by the head
tilt. The horizontal semicircular canal cupulae are
deflected by this deceleration, and they indicate an
opposite (postrotatory) velocity, this time in the clock-
wise direction about the head yaw axis, represented

by the yaw component of ¢0_.Consequently, following
the cross coupling associated with the head tilt {which
would be detected even by perfect angular-velocity
detectors), this head movement leaves as an unpleas-
ant residue a sensation of spinning clockwise about
the yaw axis, which is now in the horizontal plane.
This aspect of the cross coupling, which is certainly
unexpected and unpleasant, depends on the imperfect
integration in the semicircular canals. To make mat-
ters worse, there is a discordance between the signals
indicated by the semicircular canals and those indi-
cated by the otoliths. For the first case discussed
above, in which the head movement is made immedi-
ately at the initiation of the vertical axis spin, the
otoliths signal the veridical head orientation with re-
spect to vertical, and the only conflict comes about
during the head tilt itself, when otolith signals do not
indicate any pitch. For the second case, in which the
horizontal semicircular canal deceleration results in a

perception of clockwise rotation about the yaw axis
horizontal, there is an absence of any otolith time-

varying signal to confirm this sense. Stated more sim-
ply, the horizontal semicircular canals signal a contin-
uous rotation, but the utricular and saccular maculae
indicate that the head has not, in fact, succeeded in

changing its orientation with respect to gravity. The
illusions of pitch and roll, when considered in detail,
are relatively complex (77, 113). The sensations of
discomfort and frequently of motion sickness resulting
from these cross-coupled angular accelerations are
most likely attributable to the conflict between semi-
circular canals and nonconfirming otolith cues rather
than to the unexpected cross-coupled angular accel-

eration signal acting on the canals themselves. Some
support for this theory stems from the results of the
cross-coupled angular-acceleration experiments car-
ried out during weightlessness on the Skylab space
mission. Although the initial tests were not carried out
early during the weightless period, so the possibility
of generalized motion sickness habituation exists, it
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It was indicated in Semicircular Canals, p. 1025,
and Otolith Organs, p. 1026, that the principal role of
the semicircular canals in perception of orientation is

detecting angular velocity, whereas that of the otolith
organs is detecting either static orientation with re-
spect to the vertical or linear acceleration. Changes in
the otolith signal that are interpreted as changing
orientation with respect to the vertical may also be
used to infer angular velocity, in which case their
information is comparable to that normally expected
from the semicircular canals. The simple roUing of the
head to the shoulder is an elementary example of this

multiple-cue integration. A more complex example,
which does not normally occur in daily life, involves
sustained constant-angular-velocity rotation about
the longitudinal z-axis when this axis is off vertical or
not aligned with gravity. Consider for simplicity the

was found that subjects were able to make essentially
unlimited numbers of cross-coupled angular-accelera-
tion head movements in the weightless condition with-
out reported motion sickness symptoms, such as they
reported under similar conditions on the ground. In
weightlessness, of course, no steady-state otolith con-
flict existed to support or to contradict the semicircu-
lar canal cues following head movements (70).

Benson (4a).]

_/-....Pitch Canal ...-.

Roll Canal

o ....... 1 ................
time

Fzc. 23. Illustration of cross-coupled stimulation. Rolling head movement, o:=, during sustained

yaw rotation, ¢o,, leads to erroneous transient perception of yaw and pitch velocity. [From
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situation in which the longitudinal axis is aligned with
the earth horizontal and rotation is carried out at

constant angular velocity about the yaw axis. This
bizarre orientation is sometimes referred to as

"barbecue spit stimulation." On initiation of the rota-
tion, of course, angular-velocity signals from the ver-
tical (roll) semicircular canals are in agreement with
the changing orientation of the head with respect to
gravity, indicated by the otoliths. After 15-30 s of
constant-angular-velocity rotation, however, the
semicircular canal signals have decayed toward zero,

except for a small remaining gravity-sensitive modu-
lation. Nevertheless the perception of the actual con-
tinuous rotation remains during the stimulation (4, 6,
35, 76). Clearly this is a case where there is a conflict
between semicircular canal information, which decays
to its rest state and does not indicate any rotation

(although strictly speaking it supports any constant-
velocity hypothesis) and dynamic otolith information,
which is consistent with continuous rotation. Otolith

information in these instances appears to dominate.
Simultaneous recordings of nystagmic eye movements
(4) and the results of experiments with selected block-
age of semicircular canal or otolith signals support the
view that otolith information is processed to indicate
the sustained rotation. A closely related conflict occurs
when the subject is brought to a sudden stop after
barbecue spit rotation, and the previous rotation axis
remains in its off-vertical orientation. The postrota-

tory sensation signals from the semicircular canals,
opposite in direction to the per-rotatory motion, are
in conflict with the signals from the otolith organs that
indicate static orientation with respect to the vertical.
No significant postrotatory turning sensation occurs,
and the postrotatory nystagmus is much weaker and
briefer than for rotation about a vertical axis. Evi-

dently when otolith and tactile cues or previous knowl-
edge of the stimulus situation indicate to the subject
that any motion will be about an off-vertical axis,
confm-aing graviceptor cues are necessary and suffi-
cient to produce the perception of rotation or inhibit
it, despite transient semicircular canal signals. Similar
perception of constant angular velocity of pitching
about the pitch axis occurs when the subject is rotated
at constant angular velocity with the y-axis horizontal.
[One report, however, based on a single subject rotated
at constant angular velocity with tactile cues mini-
mized by underwater immersion, contradicted this
observation and described a perception of circular or
elliptical counterrotation as if on a ferris wheel
{151)]. Guedry (75) demonstrated that an intact ves-

tibular apparatus is required both for the development
of the continuous rotation sensation during off-vertical
rotation and for the associated nystagmus. The ab-
sence of these responses in subjects lacking a normal
vestibular apparatus (75) is strong evidence for vestib-
ular contributions to the sustained rotation sensation.

The possibility of direct linear acceleration effects on
the semicircular canals is still open, although the bulk

of evidence supports the central integration of otolith

and canal signals (4).

VISUAL EFFECTS ON PERCEIVED

ORIENTATION--MODELS

Static Visual Orientation

Straight lines in a visual field play an important role
in defining a subject's perception of the vertical or
horizontal. When a subject looks at a tilted room, or
one that is made to appear tilted through the use of
prisms or mirrors, he associates the vertical with the
line tilted toward the direction of the walls of the

room. If the subject is placed in such a room, his
postural reactions are consequently to align himself
parallel to the walls, and his reactions are conse-
quently destabilizing. The tendency to associate trees,
walls, and the like with the vertical and apparent
horizons with the horizontal is at the basis of many
well-known illusions, such as the "streams that run
uphill" or the "haunted swing" (172). Serious disori-
entation of pilots can result from the illusion that the
tops of a tilted cloud bank or the line of street lights
near the edge of a town represent the horizon (60, 61).
The extent to which visual scene straight lines influ-
ence the perception of vertical or horizontal is highly
variable among individuals. The field dependence or
field independence is generally measured by use of the
"rod and frame" test (171), in which the subject is

required to align an illuminated rod to the perceived
vertical when the rod is surrounded by a large square
frame which may be tilted from an upright position.
Although individual differences in field dependence
have been associated with sex, intelligence, and per-
sonality traits {170), the basis for the field dependence
is not fully understood.

Meaningful elements in static visual scenes are not
essential to influence the perception of the vertical.

Any distinct axes, which may be contained in a pattern
of parallel stripes or on a grid, produce a tendency to
align the closest vertical or horizontal with the axis
(60, 142).

Moving Visual Fields

Uniform motion of a large part of the visual field
can induce a false sensation or illusion of self-motion.

A common example occurs to the passenger in an
automobile or train, himself stationary, when the

neighboring vehicle begins to move slowly. The com-
mon illusion is that one's own vehicle is moving in the
opposite direction. Such visually induced self-motion,
in which the relative movement of the visual field is

perceived as attributable partially or entirely to move-
ment of the observer through the field, is known as
vection. It is used to advantage in the induction of a
sense of motion in wide-field-of-view flight simulators,
large-screen movies, and in various amusement park
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exhibits or rides in which the sensation of movement

is created or heightened by visual surround motion.
When a wide visual field suddenly begins to rotate

about a stationary subject, the perception of veridical-
field motion is generally replaced by a perception that
the visual field slows, often to a stop, and is replaced
by subjective rotation (circularvection) beginning typ-
ically 2-5 s after stimulus initiation for rotations about
a vertical axis. The strength of the self-motion sensa-
tion builds gradually over a period of 3-10 s, rising in
a roughly exponential fashion to some steady level.
For field velocities less than 50 deg/s, the circularvec-

tion may be complete or saturated, in which case the
visual field is perceived as stationary in space. If the
onset of the visual-field motion is gradual, at acceler-
ation levels comparable to the acceleration thresholds
of the semicircular canals (on the order of 0.2 deg/s),
then the latency to onset of circularvection may be
negligible, and all of the perceived motion may be
interpreted as self-motion. A number of factors con-
tribute to the strength of vection and its rapidity of
onset.

The peripheral visual field is of primary importance
for the development of vection (72). Although the
moving visual field generally induces nystagmic eye
movements beating in the direction of the field, such
eye movements are not required for generating self-
motion. In fact, oppositely beating nystagmus may be
generated by a central moving field without interfering
with the peripheral field-generated vection (19, 54).
Although the specific content of the moving visual
field is not particularly important for inducing vection,
the spatial frequency of the field and in particular the
rate at which contrast borders move over the retina is

important in generating vection effects (84). Moving
objects that appear to be in the background of the
visual scene are considerably more effective in gener-
ating vection than are moving objects in the fore-
ground.

The subject's view of his own body can only enhance
vection, whereas visible fixed objects in the back-
ground interfere with it (19). The relationships be-
tween the characteristics of the visual field and the

dynamics of vection are covered in several recent
reviews (44, 45, 86, 175). Although the quality of the
visually induced motion is in almost all respects iden-
tical to the motion perception resulting from true body
motion with its attendant vestibular and propriocep-
tive cues, there exists at least one important difference.
Vection exhibits relatively frequent and not yet ex-
plained dropouts, in which the sensation of self-motion
is suddenly reduced to zero and replaced by the ve-
ridical sensation of visual-field motion. During these
dropouts, although the sensation of velocity changes,
there is no simultaneous sensation of sudden deceler-

ation. The relationship of these dropouts to eye move-
ments and conflicting vestibular signals is still being
explored. Furthermore, during exposure to continuous
constant-velocity visual scenes, the visually induced

motion sensation gradually adapts so that the per-
ceived self-velocity during sustained constant-field ve-
locity stimulus is gradually reduced (8). A common
example of linearvection adaptation is the underesti-

mation of automobile speed after prolonged high-
speed driving.

In addition to the continuous perceived self-motion
velocity, a paradoxical self-motion sensation is created
when viewing a field that rotates about the axis of
gaze along an earth horizontal axis. This illusion,
termed visually induced tilt (46), may easily be ob-
served by staring at the axis of a disc rotating with its
axle horizontal. The initial illusion resembles that of

circularvection, a perception that the field slows to a
stop and that the viewer begins to fall in the opposite
direction. This self-rotation sensation, however, does

not result in a continuous and ever-increasing percep-
tion of roll or pitch angle, which would lead to a
perception of inversion and beyond. Instead, a static
perception of tilt ensues in the direction opposite to
that of visual-field rotation, leading to inappropriate
postural responses and to the setting of the perceived
vertical in the direction of field motion. The paradox-
ical self-motion perception (continuous rotation with-
out increasing angular deviation) is apparently created
by the conflict of visual signals with the otolith sensory
information that indicates no tilt about the horizontal
axis.

Static Visual- Vestibular Interaction

The retinal signal {proximal input) from a fixed
external visual field (distal input) varies with head tilt.
This variation of proximal signal must in some manner
be compensated for head and eye movements in order
to have vertical objects continue to appear vertical
despite head tilt. As discussed in Static Orientation to
Vertical, p. 1039, this compensation is not perfect but
results in systematic underestimation or overestima-
tion of tilt (the Aubert and Mfiller effects). There
clearly exists some mechanism by which varying reti-
nal images lead to perceptions of the same orientation
of the visual distal signal. As illustrated schematically
by Bischoff (9) in Figure 24, the interference variable
associated with head tilt is presumed to be compen-
sated. Although there is some measure of external
compensation consisting of ocular counterrolling, in
which the torsional movements of the eye are in the
direction necessary to maintain ocular stability despite
head movements, these are vestigial in man, and the
tonic steady-state ocular torsion for head movements
up to 60 ° is normally less than 10% of that required
for full compensation. Consequently one must look to
some internal process for the compensation of the
tilted retinal signal as a result of varying head roll
angles. The most straightforward of the internal com-
pensation mechanisms, building on early outflow ideas
of Helmholtz (85), Btihler (23), Kardos (95, 96), and
others, was later formulated by Von Hoist and Mittel-
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staedt (162) and others as the reafference principle.
When applied to the correction or reinterpretation of
the visual image by nonvisual signals, indicating head
tilt, this compensation is referred to by Bischoff as
heterocompensation. Simply stated, vestibular, kines-
thetic, or tactual cues assess the amount of head tilt

and apply the appropriate internal correction signal to
compensate the tilted visual scene and allow it to be
perceived as upright. To complicate the story, how-
ever, are the observations that the orientation of the

visual field itself can lead to changed perception of the
vertical, which in turn can affect the perception of the
orientation of that scene. Specifically, the indication
of the vertical is influenced by the orientation of a
background visual scene containing axes that may be
thought of as vertical or horizontal, by head orienta-
tion, and by the interaction between these two stimuli.
Based on a complex set of experiments involving ro-
tations of both the head and the visual field about a

vertical axis, Bischoff and Scheerer (10) arrive at
evidence to support the feedback-autocompensation
theory for the manner in which the compensation
signal is developed based on optical as well as vestib-
ular inputs. The perceptual output itself is involved in
the filtering process that goes into determining the
sense of vertical, and this axis rotation then feeds back
to participate in interpretation of the proximal image
coming from the retina. Because visual as well as
vestibular cues influence the perception of self-ori-
entation and consequently the interpretation of the
orientation of visual scenes, as well as postural reac-
tions, the interaction of static visual and vestibular

signals provides an interesting challenge to mechanis-
tic modeling. Referring primarily to evidence from the

static orientation of fish in response to varying angles
of incident light, Von Holst and Mittelstaedt (162)
expressed the relative influences of the two sensory
inputs on orientation in terms of variable weighting
functions. They (162) formally developed a trigono-
metric addition theory for this linear weighting notion.
Even in fish, as Von Hoist pointed out, the relative
spatial orientation weighting given to optic input de-
pends on how interesting or meaningful the object is
in the visual scene.

In dealing with human spatial orientation problems,
especially in the context of disorientation and motion

sickness, many investigators stress the importance of
intersensory conflict and its resolution. Young {174)
represented the visual-vestibular interaction problem
in humans as a flow chart (shown in Fig. 25) in which
visual and vestibular responses to orientation were
weighted linearly provided they compared reasonably
well, reminiscent of the ideas of Von Holst for fish
orientation. When the deviation between the visual

and the vestibular signals exceeded some tolerable
level, however, the content and quality of the visual
information was examined to determine whether or

not it was "compelling." A compelling visual field,
consisting of recognizable objects and strong orienta-

tion cues, would tend to then be accepted as repre-
senting the external vertical reference, whereas uncer-
tainty in accepting the visual field would lead to
greater reliance on the otolith signals. If, however,
neither were compelling (as for example in the head-
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rm. 25. Flow-chart representation of visual-vestibular interaction. [From Young (174).]

inverted situation), then disorientation, vertigo, and
motion sickness might be expected to result.

Bischoff and Scheerer (10), in attempting to model
visual-vestibular interactions for relative influences of

visual fields in different head orientations, proposed a
model that incorporated both the notion of linear
weighting of visual and vestibular cues and also the
idea that visual cues would be given greater weight in
situations in which the otolith cues were associated

with a high uncertainty. [It had already been demon-
strated by Udo de Haes and SchSne (158) that the
strength of visual orientation cues increased as head
tilt varied from the erect position, and the strength of
these cues generally followed the variability of the
orientation perception based on otolith cues alone.]
The systems analytic model of optical vestibular in-

teraction in determining the vertical developed by
Bischoff and Scheerer (10) and discussed by Bischoff
(9) matches the perceived vertical data rather well. A
somewhat modified version of this model is given in

Figure 26. In this model, the compensatory signal C,
which corrects the tilted retinal image of the target
angle for head tilt, is generated on the basis of both
feed-forward compensation from otolith cues regard-
ing head tilt and feedback autocompensation based on
the content of the image itself. The angle of the retinal
image R would be equal to the target angle T except
for the influence of head tilt H, which is only partially
compensated physically by ocular countertorsion E.
The otolith system is shown to generate ocular torsion
in a compensatory manner, and the sketch of E versus
H is meant to imply that ocular torsion peaks at about
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60 ° rather than at 90 ° , as would be predicted on the
basis of lateral shear force on the utricular macula

alone. It should be noted that no provision is made for
ocular torsion to be influenced by the visual scene or
the perceived head tilt angle, although these effects
probably do occur.

The retinal angle R is mapped to a cortical repre-
sentation based on the visual afference A, which must
be corrected for the effects of H and E by a compen-
satory signal C; the C is presumed to be the result of
a linear weig..hting of the vestibular drive I2I and the
visual drive V. The vestibular portion of the compen-
satory signal is developed on the basis of otolith cues.
The curve of i2I versus H is meant to indicate the slight
overestimation of tilt at small angles and the under-
estimation of tilt at larger angles of head tilt or the
M/iller and Aubert effects. The feedback autocompen-
sation portion of this model assumes that the final
estimate of target angle, which represents the percep-

tion of the target orientation in space, is passed
through a contour filter to yield a signal representing
the apparent inclination of the visual field with respect
to the perceived vertical or horizontal. When the dom-
inant axes lie close to the vertical or horizontal, they

are known to influence static orientation perception
by pulling the perceived vertical toward the seen axis,
and this is shown in the block "proximity of contours

to perceived vertical or horizontal." The resulting vis-
ual drive angle V is multipled by o, which represents
the variability of the vestibular estimate of head angle.
For the head erect, in which the vestibular signal has
low variance and in which accurate estimates are

made, the visual angle is consequently given little
weight, whereas for the head tilted far from the verti-

cal, o is larger and the visual weighting is greater,
resulting in a larger signal "_. Finally V, the visual
estimate of head angle, is added linearly to H to
produce C.

Although this model has not apparently been tested
for a wide variety of hypergravity and subgravity tests,
nor is it meant to represent anatomical locations of
the functions, it serves as a useful quantitative state-
ment of the autocompensatory feedback notion com-
bined with the reafference principle for compensating
head angle.

Vection and Dynamic Visual- Vestibular Interaction

When a subject is moved actively or passively in
conjunction with exposure to moving visual scenes,
the resulting visual-vestibular interaction provides a
rich test of the capabilities of the human spatial ori-
entation system for dealing with normal and abnormal
multisensory integration. Visual cues normally con-
firm the orientation information conveyed by the ves-
tibular, proprioceptive, tactile, and motor command
copy information. Thus, for example, when a subject
tilts his head toward his right shoulder, the image of
the stationary visual field on his retina rotates as

though the external visual field were moved counter-
clockwise, his semicircular canals signal a transitory
clockwise angular velocity that is integrated to yield
an estimate of change in head angle and incidentally
some compensatory eye torsion. Otolith signals regis-
ter a new head orientation with respect to the vertical,
confirming the semicircular canal and visual cues.
Neck-joint angle receptors and possibly neck muscle
spindles confirm the new head position and support
the expectation, based on the internal model concept,
that the commanded motor program was indeed fully
affected. This represents a clear case of confirming
visual and vestibular signals, leading to an unambig-
uous perception of spatial orientation. Similar com-
ments apply to simple left-right head movements.

A wide variety of interesting and nontrivial conflict-

ing visual-vestibular interaction cases may also be
considered, although they have little to do with normal
function. The normal relationship between head
movement and relative movement of the visual field

may be disturbed in a number of ways. When a subject
wears left-right reversing prisms, field rotating prisms,
magnifying or minifying spectacles (including reading
glasses), the normal relationship between vestibular

signals and visual signals on head rotation is disturbed.
Rotation of the head under increased gravitational
forces produces otolith signals that differ from the
visual and semicircular canal representations of head
movement. Head rotation in zero gravity fails to pro-
duce the normally expected tonic change in otolith
activity to confirm the head movement. Nodding the
head about an axis normal to that of continuing rota-
tion produces the cross-coupled angular acceleration
phenomenon discussed in Cross-Coupled Angular Ac-
celeration; Coriolis Illusion, p. 1051, and creates mo-
tion illusions that conflict with the observed visual-

field change. Visually induced self-motion in a flight
simulator, which is not confirmed or only partially
confirmed by concomitant vestibular cues, is another
example of conflicting visual-vestibular interaction.
Because the visual and vestibular inputs to motion
perception can be easily controlled and because the
perceptual and motor output (ocular stabilization and
posture control) are relatively easily measured, visual-
vestibular interaction has been extensively studied as
a paradigm for investigation of the more general ques-
tion of multisensory integration (45, 86). The discus-
sion that follows summarizes only a few of the more
striking and unambiguous observations about the in-
teraction between vestibular stimulation and motion

sensation based on moving visual scenes.
The extent of visually induced tilt, either in pitch or

roll, is limited by graviceptive cues that may not
confirm this tilt. Thus the paradoxical sensation of
rotation about an earth horizontal axis with only a
limited illusion of induced tilt is attributable to the

otolith signals. These, as well as other graviceptive
systems, are presumably issuing conflicting commands
indicating that head orientation is not changing rela-
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tive to the vertical. The central nervous system pos-
sibly compromises its orientation computation be-
tween a visual signal of ever-increasing tilt and a
graviceptive signal indicating no tilt, and it arrives at
some intermediate position. This phenomenon is anal-
ogous to the case described above for static field
influence on the perceived direction of the vertical.
When the visual field rotation is about a vertical axis,
with the subject lying supine, the perception of rota-
tion continues unabated with no limitation on the

visually induced roll angle. Here, clearly, the otolith
signals provide no information that confirms or denies

the visually induced tilt. An even more powerful dem-
onstration is the effectiveness of a rotating wide visual
field on the onset and strength of continuous vection
in weightless conditions, where no relevant otolith
signals are present to confirm or deny the visual input
(177). Intermediate head orientations, corresponding
to positions in which estimates of the vertical based
on graviceptive cues have high variance, showed
stronger visually induced tilt (179), just as they showed
stronger static visual scene influences (10, 157, 158).

All of these findings strengthen the view that visually
induced tilt is limited by the lack of confirming otolith
signals and that, when no such confirmation is to be

expected (as in the case of zero gravity), the extent of
the visual effect is not limited.

Similar limitations of the lack of confirming vestib-
ular cues on visually induced motion are seen in yaw,
where rotating visual fields induce circularvection.
The delay in onset of circularvection and its gradual
buildup is presumably the result of resolution of a

conflict between visual motion signals and the absence
of confirming semicircular canal cues. Visual-field ac-
celeration at low levels, commensurate with semicir-
cular canal signals close to threshold, do not show
measurable latency, and even rapid visual scene ac-
celeration can lead to immediate sensations of self-

motion if a small true vestibular cue is generated by
slight body motion in the confirming direction. Con-
versely, the presence of an established circularvection
can mask the detection of small body motions in the
opposite direction and bias the perception of angular
acceleration based on suprathreshold vestibular stim-
uli {176, 180). Finally, the relative domains of influence
of visual and vestibular cues are separable and corre-
spond to the frequency ranges in which each is a
reliable transducer of self-motion. Continuous percep-

tion of velocity is supported by the low-frequency
relative motion of the visual field, whereas vestibular
cues, especially those from the semicircular canals, are
adapted out and contribute relatively little low-fre-
quency information. At high frequencies, on the other
hand, reliance is much more upon vestibular than
visual cues, especially when the two are in conflict.
The rough division between high and low frequencies
for this case is generally thought to lie in the vicinity
of 0.1 Hz.

A number of theoretical models for visual-vestibular

interaction or for multisensory integration have been

proposed (86). One of these compensation schemes,
tested for static tilt of body and scene, was described
in Static Visual-Vestibular Interaction, p. 1055. A
more general notion, which has been discussed in a
nonmathematical manner by many authors (e.g., refs.
76, 144, 174) is based on resolution of the conflict
between visual and vestibular cues that results in
changing the relative weighting applied to each of
these sensory modalities. The weighting for each chan-
nel depends on the dynamic characteristics of all sen-
sory channels and the amount of intersensory conflict.
A mathematical treatment of the sensory conflict the-
ory for spatial orientation that has been tested exten-
sively for rotation about the vertical axis is presented
in Figure 27 {180). In this model the gain, K, which
controls the relative weighting of the visual system
compared to the vestibular output, is adjusted accord-
ing to a measure of cue conflict (0_r_). When the
conflict between visual and vestibular signals is high,
the relative weighting given to the vestibular input
increases as K is reduced. In calculating the cue con-
flict, the difference is taken between the current ves-
tibular signals, processed by the semicircular canals
and indicating the vestibular system's estimate of an-
gular velocity Wvesand an appropriately filtered visual
signal wv_. This visual signal is arrived at by passing
the visual-field angular velocity through a first-order
filter, which represents an internal model of the ves-

tibular dynamics, to yield wvi._.This signal corresponds
to an internal representation of what the semicircular
canal signals would be if the actual visual-field velocity
were representative of head motion in a stationary
field. The effect of this cue conflict adjustment of
weighting function, which makes the model nonlinear,
is to shift the weighting of sensory signals away from
vestibular when the vestibular signals would either be
highly variable or unlikely to present meaningful in-
formation about the relatively slow changes in true
body velocity. On the other hand, where sudden

changes in visual-field velocity are not borne out by
actual vestibular signals on the basis of visual cues,
then the visually induced motion is largely ignored in
favor of reliance on the vestibular cues. Although this
specific cue conflict model implementation has been
developed primarily for modeling visual-vestibular in-
teraction in rotation about a vertical axis, the concept
of optimal mixing of multiple sensory cues appears to
be generally valid and has been extended to other
areas as well (15}.

SPATIAL ORIENTATION IN ALTERED ENVIRONMENTS

Many of the illusions of spatial orientation associ-
ated with unusual or incompatible visual and vestib-
ular stimuli are explainable on the basis of the conven-
tional processing of sensory data. When these unusual
sensory combinations persist for an extended period
of time, from hours to days, the very meaning of the
sensory signals in terms of spatial orientation is altered
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_'xo. 27. Sensory conflict model for resolution of visual-vestibular interaction. A: dual input conflict

model; B: conflict measure and weighting function. [From Zacharias and Young (180).]

and so is the manner in which perception takes place.
The remarkable plasticity of animals to adapt to al-
tered environments by altering sensorimotor func-
tional pathways is particularly evident in the plasticity
of the vestibuloocular reflex. Human spatial orienta-
tion shows a similar plasticity that allows one to adapt
both orientation perception and posture control to
various altered environments. An outstanding exam-
ple of this plasticity is the adaptation of orientation to
weightlessness after several days of space flight. The
process of resolving the sensory rearrangement in-
volves the formation of new internal models. This

process is closely related to the topic of motion sick-

ness, which occurs principally in unusual environ-
ments and in unexpected combinations of sensory
stimuli. It is believed that the process of adaptation to
altered spatial environments is closely linked to the
process of overcoming motion sickness.

Motion Sickness

Humans and most animals can be made motion sick

by exposure to a wide variety of motion and visual
stimuli, provided the vestibular system is intact. Gen-
erally speaking, motion sickness occurs only under
stimulus conditions associated with man-made vehi-

cles and does not occur during motions typical of the
normal range of natural head movements. A large
number of fanciful theories for motion sickness and

the remedies suggested by these theories are discussed
in the excellent book on this subject by Reason and
Brand (135). No satisfactory general theory for the

survival value of motion sickness symptoms exists
(154). It is by no means clear why motion sickness
should in any way be tied to an evolutionary process,
since it is a disorder resulting only from the use of
technology. The neural pathways involved in motion
sickness genesis are only slowly being worked out (66,
93, 120).

The most generally accepted current theory of mo-
tion sickness genesis is the conflict hypothesis. Ac-
cording to this theory, motion sickness is the result of
conflict between spatial orientation signals coming
from two or more different sources (76, 125, 135, 144).
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These conflicting signals may be within a sensory
modality (semicircular canals versus otolith) or be-
tween sensory systems (visual versus vestibular). The
conflict might also be between sensory signals and the
anticipated motion based on motor output or between
sensory information and the expected pattern of such
signals based on previous experience or continuing
motion. (As a simple example of the last case, consider
the unusual vegetative response when an elevator
begins to move in the unanticipated direction.) Air-
sickness, car sickness, and seasickness involve both
intravestibular and visual-vestibular conflicts. The in-
travestibular conflicts arise from sustained linear or

angular velocities at frequencies below the normal
range of the semicircular canals or otoliths, particu-
larly for airsickness. If the visual reference frame of

the cabin or automobile is assumed inertially fixed, it
is in conflict with the motion cues received from the
otoliths and semicircular canals. Concentration on a

visual task inside the cabin, such as reading, worsens
the situation, whereas reference to an outside visual

reference such as the roadway or horizon lessens the
conflict and the symptoms if preventive action is taken
early enough. (The reason that it is easy to read road
signs but difficult to read a newspaper inside a bounc-
ing bus is that the vestibular apparatus attempts to
maintain ocular stability with respect to the outside
visual field. This vestibular reaction must be sup-
pressed and overridden by conflicting visuomotor re-
actions to permit concentration on the newspaper.)

Space motion sickness, which commonly occurs dur-
ing the early days of weightless flight, is presumably
attributable to the absence of sustained otolith cues

to confirm head movements sensed by the visual sys-
tem and the semicircular canals.

The process of adaptation to the altered environ-
ment, as in adaptation to seasickness, presumably
involves some measure of reinterpretation of visual
and vestibular signals and prediction of active or pas-
sive movement patterns. It is usefully expressed in
terms of updating the internal model of the relation-
ship between sensory signals and environmental stim-
uli. This reinterpretation can be very specific as to the
frequency of motion or direction of turning and may
provide no protection against sickness or disorienta-
tion from other stimuli. Land sickness is represented
by unsteady gait, possible disorientation, and slight
motion sickness symptoms when walking on steady
ground after extensive time at sea. It presumably
represents the carry-over of the (now inappropriate)
internal model of predicted rolling of the ship and
associated visual-vestibular interactions. Although a
functioning vestibular system is necessary to produce
motion sickness, stimulation of the vestibular appa-

ratus is not required. Motion sickness symptoms may
be elicited on the basis of large optokinetic stimuli,
such as observed under laboratory conditions (43), in
wide-screen movies and in wide-field-of-view fixed-

base aircraft simulators (3, 119) or driving simulators.
The principal conflict in these situations is between
the vection generated by the moving visual field and
the lack of confirming semicircular canal or otolith
cues. The situation is worsened when the operator is
an experienced pilot who presumably anticipates what
the appropriate vestibular cues should be in response
to a command and reacts to the conflict associated

with their nonappearance.
The conflict theory for motion sickness has been

extended and cast in control theory terms by Oman
{125}. Motion sickness symptoms are also generated
by head movements under various unusual environ-
ments in which the normal pattern of intravestibular
or visual-vestibular correlations are disturbed. Con-

flicting cues are created by wearing left-right reversing
prisms or by performance of head movements during
weightlessness or in a slowly rotating room. In each of
these cases, the vestibular reactions--oculomotor, pos-
tural, and perception--do not conform with the ob-
served visual patterns. The subsidence of motion sick-
ness symptoms appears to parallel the development of
new internal models and the ability to make appropri-
ate directed movements. The spatial orientation sys-
tem demonstrates its remarkable versatility in its plas-
tic adaptation to altered environments or even to loss
of major portions of the sensory system.

SUMMARY

Spatial orientation is firmly based on the underlying
sensory mechanisms and their central integration. For
some of the simplest situations, like rotation about a
vertical axis in darkness, the dynamic response of the
semicircular canals furnishes almost enough informa-
tion to explain the sensations of turning and stopping.
For more complex conditions involving multiple sen-

sory systems and possible conflicts among their mes-
sages, a mechanistic response requires significant spec-
ulative assumptions. The models that exist for multi-
sensory spatial orientation are still largely of the non-
rational parameter variety. They are capable of pre-
dicting relationships among input motions and output
perceptions of motion, but they involve computational
functions that do not now and perhaps never will have
their counterpart in central nervous system machin-
ery. The challenge continues to be in the iterative
process of testing models by experiment, correcting
them where necessary, and testing them again.
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